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SUMMARY



1). Heavy metal concentrations in sea water and sediment vary widely in different
parts of the world. An important factor affecting heavy metal concentrations in an

area is man-made contamination.

2). Heavy metals inhibit or alter many biological processes in decapod crustaceans
and toxic effects of heavy metals vary depending on experimental animals, metals
and concentrations used. The most important factors which affect toxicity and
accumulation of heavy metals by marine animals are the growth, sex, age and
physiological condition of marine animals, salinity and temperature of sea water,
chemical characteristics of metals and interaction among metals. Tolerance to heavy
metals and detoxification of heavy metals are also important factors influencing

toxicity of heavy metals to marine animals.

3). The thesis outlines consequences of heavy metal pollution for marine animals and
humans who consume these. I then describe the Clyde Sea area, its commercial
importance and man-made contamination and the biology of an important

commercial species the Norway lobster Nephrops norvegicus.

4). Natural concentrations of cadmium, copper and zinc in tissues of Nephrops
norvegicus from the Clyde Sea area were highest in the hepatopancreas and gill,
whereas mercury concentrations were found in highest levels in the gill and tail
muscle. Iron concentrations were highest in the gill. Concentrations of metals
showed variation among different months of the year with highest levels tending to
occur during moult. Metal concentrations were also influenced by carapace length
with pronounced size-related increases in mercury concentrations in the tail muscle
and cadmium in the hepatopancreas. There were considerable differences in mean

concentrations of some metals in the tissues of male and female Nephrops.

5). Toxicity studies showed that organic and inorganic mercury, copper, cadmium,
lead and zinc (0.1, 0.1, 0.1, 1, 1 and 2 mg I-1 respectively) were toxic to Nephrops

norvegicus. At those concentrations toxicities ranged widely among the metals, the

II



most toxic metals to the animals being organic mercury (100 % mortality in three
days), inorganic mercury (100 % mortality in one week) and copper (100 %
mortality in two weeks). The other metals did not cause 100 % mortality over a 30-

day period.

6). The non-essential metals (organic mercury, inorganic mercury, cadmium and
lead) were accumulated by tissues of Nephrops norvegicus after exposure to sublethal
concentrations of the metals dissolved in sea water for 30 days. The highest
concentrations of both mercury compounds were accumulated in the gill tissue while
the highest concentrations of cadmium were in the gill and hepatopancreas. Lead
concentrations were highest in the gill and carapace. Exposure to a sublethal
concentration of copper showed increases in copper concentrations in the carapace,
gill, tail muscle and ovary, whereas there was no increase in the hepatopancreas and
external eggs. Exposure to a sublethal concentration of zinc also showed increases in
zinc concentrations of the carapace, hepatopancreas gill, and ovary, whereas there

was no increase in the tail muscle and external eggs.

7). There were differences in the accumulation of organic and inorganic mercury
from sea water by tissues of Nephrops norvegicus. Except in the gill tissue, organic
mercury was accumulated more than inorganic mercury. There were also sex related
differences in the accumulation of the metals as male Nephrops accumulated higher
concentrations of organic and inorganic mercury in the hepatopancreas than female
Nephrops. Carapace length showed significant effects on metal accumulation as
accumulation of both mercury compounds and cadmium was higher in the gills of
smaller animals than that of larger animals. The adsorption of the metals onto the
carapace surface was found to be very important in determining the metal

concentrations of the carapace.

8). Concentrations of mercury increased in all the tissues of Nephrops norvegicus

after feeding with a food source containing high concentrations of cadmium and



mercury. These increases in the tissues showed positive relationships with feeding
rate. Cadmium concentrations increased only in the hepatopancreas. Cadmium
concentrations in the hepatopancreas and carapace showed positive relationships with
feeding rate. Concentrations of copper in the gill and tail muscle were increased after
feeding, though none of the tissue copper concentrations showed a positive
relationship with feeding rate. Zinc and iron concentrations in the tissues of
Nephrops did not increase after feeding and, there was no positive relationship with

feeding rate in any tissues.

9). Distribution of mercury and cadmium in the gill, hepatopancreas and tail muscle
of Nephrops norvegicus differed among treatments. Mercury burdens in control
animals were mainly in the tail muscle. After feeding, the hepatopancreas and tail
muscle shared the total mercury burdens. Organic and inorganic mercury
distributions also varied among the tissues after uptake from sea water, with organic
mercury being more evenly distributed among tissues than inorganic mercury, the
latter being predominantly in the gill. Much of the cadmium burden was always in
the hepatopancreas in all the three treatments. Assimilation of organic mercury from

food by tissues was higher than assimilation of inorganic mercury.

10). Characterization of ATPases such as total ATPase, Na,K-ATPase, total Mg-
ATPase, oligomycin sensitive and insensitive Mg-ATPase in the gill of Nephrops
norvegicus showed that maximum activities of the ATPases were in sodium,
potassium, magnesium and ATP concentrations of 100, 20, 4 and 6 mmol 1-1
respectively. 1 mmol 1-1 ouabain inhibited 100 % Na,K-ATPase activity, while 100
% of oligomycin sensitive Mg-ATPase was inhibited in oligomycin concentration of
0.3 mmol 1-1. The activities of the gill ATPases were maximum when temperature
was at or near to 37 OC. Na,K-ATPase and oligomycin sensitive Mg-ATPase
activities were more sensitive to temperature than oligomycin insensitive Mg-ATPase

the latter being still active (S0 %) at a temperature of 70 ©C. Size of Nephrops
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showed significant effects on the activities of gill ATPases as the activities of Na,K-
ATPase and oligomycin sensitive Mg-ATPase had negative relationships with
carapace length. Storage of the gills was found to reduced the activities of gill
ATPases, even storage at -70 OC. The activities of the Na,K-ATPase (34 and 45 %)
and oligomycin sensitive Mg-ATPase (31 % and 40 %) were reduced after one and

two months storage at -70 OC, respectively.

11). Control male Nephrops norvegicus showed higher activity of Na,K-ATPase than
control female Nephrops norvegicus. After exposure to sublethal concentrations of
cadmium, copper and zinc dissolved in sea water, the activity of Na,K-ATPase was
inhibited significantly in male animals by the metals but not in female animals.
However, the activity of total Mg-ATPase was inhibited significantly in female
animals, but not in male animals. There was no other significant alteration on the
activity of ATPases after exposure to the metals. Na,K-ATPase activity had a
negative relationship with gill copper in males, while this ATPase had positive

relationships with cadmium and zinc concentrations in female animals.

12). After exposure to sublethal concentrations of cadmium, copper and zinc,
cadmium concentrations were increased significantly in the gill and hepatopancreas
of both male and female Nephrops norvegicus in relation to increases in exposure
concentrations. Concentrations of copper and zinc increased in the gills of male
animals but not in female animals. In the hepatopancreas neither copper nor zinc
showed any change in concentration with exposure in either sex suggesting regulation

of these metals by Nephrops norvegicus.

13). There were positive relationships between the concentrations of cadmium and
metallothionein in both the gill and hepatopancreas of male and female Nephrops
norvegicus. Copper concentrations in the hepatopancreas also showed a significant
positive relationship with metallothionein in male animals but not in female animals.

Ratios of cadmium in the metallothionein fraction of the hepatopancreas increased in



both male and female animals, while copper and zinc ratios did not change in the
hepatopancreas of either sex.

14). The activity of ATPases in the gill of male Nephrops norvegicus was determined
from 10 stations in the Clyde Sea. Because many Nephrops norvegicus in the Clyde
Sea were infected by a parasite (Hematodinium perezi), investigations were carried
out by separating the animals as normal (blue blooded) and infected (white blooded).
Activities of total ATPase, total Mg ATPase, Na,K-ATPase, oligomycin sensitive
and insensitive Mg-ATPase were significantly affected by the infection namely white
blooded animals had higher activities of the ATPases than normal animals. Stations
also affected significantly the activities of the ATPases, except for oligomycin
insensitive Mg-ATPase activity. All the ATPase activities had negative correlations
with concentrations of copper and zinc in the blood.

15). The blood colour, station and carapace length also affected some gill and blood
parameters such as ion concentrations in the gill and blood, % gill water and blood
osmolality in Nephrops norvegicus caught in 10 stations from the Clyde Sea. Blood
copper and zinc concentrations were much lower in the white blooded animals than
in normal animals.

16). Concentrations of copper, zinc and metallothionein in the gill of Nephrops
norvegicus caught in 11 stations from the Clyde Sea were found to be affected by the
infection: namely infected animals had higher concentrations of metallothionein but
showed lower copper concentrations. Conversely, cadmium concentrations were not
affected by the infection but levels differed significantly among stations. The ratio of
copper to metallothionein in the gill was reduced three times in the infected animals.
Copper and metallothionein concentrations showed negative relationships, possibly

resulting from independent effects of stress due to parasitic infection.
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CHAPTER 1

GENERAL INTRODUCTION



Heavy metals are normal constituents of sea water and many are essential for life in
the marine environment. Under normal conditions these metals are supplied to the
marine environment by rivers, atmospheric dumping or wind blown materials
following volcanic activities and the weathering of rocks. At the present time,
however, additional quantities of metals enter estuaries and coastal waters from
industrial effluents, sewage and from atmospheric pollution. Although some metals
such as copper, zinc and iron are essential for marine animals, all are toxic in high

concentrations.

1.1 HISTORY OF HEAVY METAL POLLUTION

Man has benefited from the use of heavy metals for many hundreds of years.
Therefore, the history of metal pollution begins with the use of metals by Man. At
this point one should describe the difference between contamination and pollution.
Clark (1989) describes contamination as the presence of elevated concentrations of
metals in water, sediment or organism, i.e. concentrations that are above the natural
background level for the area and the organism, whereas pollution is the
introduction by Man, directly or indirectly, of metals to the marine environment
resulting in deleterious effects such as harm to living resources, hazards to human
health ; hindrance of marine activities including fishing ; impairment of the quality
for use of sea water ; and reduction of amenities. In other words, contamination may
provide a warning signal, but it does not constitute pollution unless, first, it is caused
by human activities and second, it has some damaging effects. Although metals have
been being used for a long time, a considerable contribution of metals to the
environment began after industrialization in this century which may mean that the

history of metal pollution begins early in this century.

(8]



1.2 CHEMICAL AND PHYSICAL PROPORTIES OF SOME HEAVY
METALS

1.2.1 MERCURY

Mercury is an element with no known biological function. It has an atomic number
of 80, an atomic mass of 200.59, a specific gravity of 13.55 g/cm3, a melting point
of -39.8 OC and a boiling point of 357 OC. Mercury occurs naturally as six isotopes;
202Hg (30%), 200Hg(23%), 19%9Hg (17%), 201Hg(13%), 198Hg(10%) and
204Hg(7 %), as well as trace amounts of 196Hg and the relatively stable radioisotope
203Hg (Burg and Greenwood, 1991). Elemental mercury is usually referred to as
mercury vapour when present in the atmosphere or as metallic mercury in the liquid
form. This form is toxicologically important because it has a relatively high vapour
pressure and a certain water (about 20 ug 1-1) and lipid solubility (5-50 mg -1
(Burg and Greenwood, 1991). Mercury occurs in ionic form as Hg2+ (mercuric
salts) and Hgt (mercurous salts). The former readily form complexes with organic
ligands, notably sulfhydryl groups. In contrast to HgClp, which is both highly
soluble in water (69 g I"1 at 20 ©°C) and highly toxic, Hg)Cly is less soluble (2 mg 1°
1 at 25 0C) and correspondingly less toxic. The least soluble mercuric form is
cinnabar (HgS) which has a water solubility of 10 ng I-1 (Weast, 1978). Organic
mercury compounds consist of diverse chemical structures in which mercury forms a
covalent bond with carbon. The group is limited to alkylmercurials (methyl and
ethylmercury), arylmercurials (phenylmercury) and the family of alkoxyalkyl
mercury diuretics. Organic mercury cations form salts with inorganic and organic
acids, e.g. chlorides and acetates, and react readily with biologically important
ligands, notably sulfhydryl groups. They also pass easily across biological

membranes perhaps since the halides (e.g. H3CHgCl, although it is not clear whether



this exists in a stable form in tissues at physiological pH) and dialkylmercury are

lipid soluble (Clarkson et al., 1977).

1.2.1.1 Sources, Production, and Uses of Mercury

Mercury is found in igneous rocks of all classes and has an ubiquitous distribution.
In nature, mercury occurs in a variety of physical and chemical forms. Normal soils
typically contain 20-150 ppb Hg, but near known geological deposits the level can
reach as high as 80 % (Burg and Greenwood, 1991). Mercury is mined as cinnabar
(mercury sulphide). Generally, mercury binds strongly to the organic components in
soil so that mobility by leaching is minimal and contamination of ground water is

unlikely unless mercury leaches from a municipal landfill (US EPA, 1984).

Elemental and inorganic mercury compounds are used in the manufacture of
scientific instruments (thermometers, barometers), electrical equipment (switches,
rectifiers, oscillators, electrodes, batteries, meters, mercury vapour lamps, x-ray
tubes, lead and tin solder), dental amalgams and synthetic silk. In the chemical
industry mercury is used as a fluid cathode for the electrolytic production of acetic
acid, chlorine and sodium hydroxide (Burg and Greenwood, 1991). In the past
mercury has been used in the plating, tanning and dyeing, textile, photographic, and
pharmaceutical industries. It has been used for the preparation of drugs and
disinfectant, and arylmercury compounds have been used as disinfectants, fungicides,
antiseptics, herbicides, preservatives and as a denaturant for ethyl alcohol (Baeyans

et al., 1979 ; Langston, 1990 ; Burg and Greenwood, 1991).

The annual production of mercury world-wide reached a peak of 10,600 tonne in
1971 falling to a little over 6000 tonne in 1987 (Clark, 1989). Mercury is released to



the environment in different forms such as mercury(Il) oxide, mercury(II) sulphide
(cinnabar), mercury chloride, mercury nitrates, mercury sulphates, mercury(II)
thiocyanate, chloride and dithiocarbamate, borate and oleate of phenylmercury, and
chloride, silicate and phosphate of alkylmercury compounds (Burg and Greenwood,
1991). These inputs are estimated to amount to about 5000 tonne/year world-wide,
but a further 3000 tonne/year is derived from burning fossil fuels. One also should
not forget the natural inputs of mercury, of about 3500 tonne/year from the
weathering of rocks, but especially about 25,000-150,000 tonne/year from volcanic

areas, as gases (Clark, 1989).

1.2.2 CADMIUM

Cadmium is another heavy metal with no known biological function. It is a relatively
volatile element though less volatile than mercury or lead. Cadmium has an atomic
number of 48 and an atomic mass of 112.4. It has a boiling point of 767 °C and a
density of 8.64 g/cm3 at 20 ©C. Cadmium is a silver-white, lustrous and ductile
metal. There are eight naturally occurring isotopes of cadmium; 114cd (29%),
112¢4(24 %), 111cd(13%), 110cd, 113¢d, 116Cd, and 108Cd. Cadmium belongs,
along with zinc and mercury, to the second subgroup of the Periodic Table; it has an
oxidation state of +2 in all compounds. With a normal electrochemical potential of -
0.40 relative to the hydrogen electrode, it is slightly more noble than zinc. The
cadmium ion (r=103 pm) is very close in size to the calcium ion (r=106 pm). '
Therefore some similarities can be seen between cadmium and calcium (Stoeppler,

1991).



1.2.2.1 Sources, Production, and Uses of Cadmium

Cadmium commonly occurs in an isomorphic form in zinc minerals such as zinc
blende (ZnS) with cadmium contents from 0.1 to 0.5 %, and galmei (ZnCO3) with
cadmium contents up to a maximum of 5 %. Phosphate rocks also show a broad
range of cadmium contents with an average of approximately 15 mg kg-1. Pure
cadmium minerals such as greenockite (hexagonal CdS), hawleyite (cubic CdS),
otavite (CdCO3), monteponite (CdO), and cadmoselite (CdSe) occur very rarely.
Cadmium is mainly extracted (>95 %) from cadmium-enriched by-products
obtained from the roasting of zinc minerals and purified by electrolytic deposition or

vacuum distillation at a temperature of 420-485 OC (Stoeppler, 1991).

Cadmium has a variety of uses. Electrodeposited cadmium has excellent properties
for protecting iron and steel against corrosion-even a thickness of 0.008 mm is
sufficient for protection. Another increasingly important use is in rechargeable
nickel-cadmium batteries. Other uses include cadmium pigments (cadmium sulphide,
cadmium selenide and mixtures of both) which are generally very stable thermally
(e.g. for plastic materials in cars). Cadmium soaps made with saturated and
unsaturated fatty acid play an important role as temperature and light stabilisers
mainly for PVC (e.g. for plastic window profiles). A small percentage of cadmium
(cadmium sulphide-copper sulphide) is used in solar cells for direct conversion of
light into electrical energy. Cadmium is also used in nuclear reactors as a neutron
absorber and in various alloys with such metals as tin, copper, and aluminium
(Stoeppler, 1991). World production of cadmium has been increased from 16800
tons/year in 1970 to 19700 tons/year in 1986 (Clark, 1989 ; Stoeppler, 1991).



1.2.3 LEAD

Lead is also a biologically non-essential metal and is ubiquitously distributed in
nature. Although its natural concentrations are not high, in the last fifty years great
amounts of lead have been extracted, concentrated and used by Man, and re-emitted
into the environment (Ewers and Schlipkoter, 1991). Lead is known to have been

used by Man prior to 2000BC (Goyer, 1991).

Lead has an atomic number of 82, an atomic mass of 207.1. It is a bluish-white, soft
metal with a density of 11.34 g/cm3, a melting point of 327 OC, and a boiling point
of about 1740 OC. Natural lead consists of 52 % 208pb, 24 % 206pp, 23 % 207pp,
and 1 % 204pb. In most organic compounds lead is in the +2 oxidation state. The
salts of Pb(Il), lead oxides and lead sulphide, are not readily soluble in water, with
the exception of lead acetate, lead chlorate, and to some extent, lead chloride.
Inorganic Pb(IV) compounds are unstable and strong oxidising agents. Because of
their use as antiknock agents in petrol, tetramethyllead and tetraethyllead are the
most important organolead compounds. Both are colourless liquids with boiling
points of 110 ©C and 200 ©C, respectively. At these temperatures or slightly below,

they start to decompose.

1.2.3.1 Sources, Production, and Uses of Lead

Lead is represented in almost all constituents of the Earth's crust. It can be found in
all environmental media and in all components of the biosphere. The most important
lead minerals are galena (lead sulphide), cerussite (lead carbonate), and anglesite
(lead sulphate). In 1982 globally about 3.7 million tonne of lead were produced from

mined ores, though consumption of refined lead was about 5.2 million tonne world-



wide. About 40 % of all lead consumed is used for the production of lead-acid
batteries. The production of tetramethyllead and tetraethyllead accounts for
approximately 10 % of the world lead consumption. Lead based pigments are used as
a protective coating for steel structures, for painting used on highways and for
exterior uses. Lead chemicals are also used in glassware and ceramics and as
stabilisers in plastics. Other uses of lead could involve lead sheets, cable sheeting,
solder, ammunition, bearing alloys, type metal, tubes, weight and ballast which

account for 20 % of uses (Ewers and Schlipkoter, 1991).

Lead and its compounds may enter the environment at any point during mining,
smelting, processing, use, or disposal. Global emissions were about 500,000
tonnes/year around 1919, about 2 million tonnes/year around 1940, and about 4.5
million tonnes/year around 1970 (Nriagu, 1989). Estimates of the dispersal of lead
emissions into the environment indicate that the atmosphere is the major initial
recipient. Mobile and stationary sources of lead emission tend to be concentrated in
areas of high population density, and near smelters. From these emission sources,
lead moves through the atmosphere to various components of the environment

(Ewers and Schlipkoter, 1991).

1.2.4 COPPER

Copper is an ubiquitously distributed metal. It is very easily complexed and is
involved in many metabolic processes in living organisms. Thus, copper is an
essential metal for life. The respiratory pigment (haemocyanin) of many molluscs

and higher crustaceans contains copper.



Copper has an atomic number of 29 and atomic mass of 63. It has been known for
about 10,000 years and occurs in metallic form or in compounds as Cu(l) or Cu(Il).
The red metal has a density of 8.93 glem3, a melting point of 1083 OC and a boiling
point of about 2590 OC. Natural copper consist of an isotopic mixture of 69.1 %
63Cu and 30.9 % 65Cu. Except for silver, copper is the best common conductor for
heat and electricity. Compounds of Cu(I) and Cu(Il) and Cu complexes have very

different properties from the metal.

1.2.4.1 Sources, Production, and Uses of Copper

Copper is almost always extracted from ores found in underground or open-pit
mines. The most important ores contain, besides small amounts of metallic copper,
CupS, CuS, CuFeSp, CuO, CupCO3(OH)p. Copper is used in electrical
applications, water piping, stills, roofing material, and kitchenware; for chemical
and pharmaceutical equipment; as a pigment; and as a precipitant of selenium. Alloys
of copper include those with zinc (brass), tin (bronze), nickel (monel metal),
aluminium, gold, lead, cadmium, chromium, etc. Copper sulphate is used to
supplement pastures deficient in the metal; as an algicide and molluscicide; as a
mordant; in electroplating and, as a component of Fehling's solution, to estimate
reducing sugars in urine. Cupric oxide has been used as a component of paint for
ship bottoms. Copper chromates are pigments, catalysts for liquid phase

hydrogenation, and potato fungicides (Scheinberg, 1991).

The movement of relatively high concentrations of copper from the Earth's crust into
the soil depends on weathering, the process of soil's formation, drainage, oxidation-
reduction potentials, the amount of organic matter in the soil, and, perhaps most

important, the pH. Almost all copper carried into the ocean is precipitated,



accounting for its lower concentration there than in freshwater (Scheinberg, 1991).

1.2.5 ZINC

Zinc is an essential metal for life incorporated in many enzymes in vertebrates and

invertebrates.

Zinc has been used for many purposes for a long time by Man. It is a bluish-white,
rather soft metal, which solidifies in hexagonal crystals. It has an atomic number of
30, an atomic mass of 65.39 and a density of 7.14 g/cm3. Zinc melts at 419.6 OC
and boils at 907 OC. Natural is zinc composed of five stable isotopes ( 48.6 % ©4Zn,
27.9 % 66Zn, 4.1 % 67Zn, 18.8 % 68Zn and 0.6 % 70Zn). Zinc, oxidation state
+2, has a strong tendency to react with acidic, alkaline, and inorganic compounds.
Because of its amphoteric properties zinc forms a variety of salts. Zinc chlorate, Zn-
chloride, the sulphates and nitrates are readily soluble in water, whereas the oxide,
carbonate, the phosphates and silicates, the sulphides and organic complexes are

particularly insoluble in water.

1.2.5.1 Sources, Production, and Uses of Zinc

Zinc occurs in almost all minerals in the Earth's crust with a median concentration of
about 70 mg kg~1. The principal ores used for production are the sulphides sphalerite
(zinc blende, cubic ZnS) and wurtzite (hexagonal ZnS) and their weathering products
smithsonite (ZnSQOy, trigonal) and hemimorphite (2 ZnOxSiOxH7O, rhombic or
trigonal) (Ohnesorge and Wilhelm, 1991). Zinc oxide is the most important zinc
compound. It is used in rather large amounts in the production of photocopy paper,

of chemicals and paints. It is also used in floor coverings, for glasses, enamels,
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fabrics, plastics, lubricants, and in rayon manufacture. Zinc oxide is a long serving,
well-known pharmaceutical compound for external application for burns and skin
infections as a powder and ointment. Other zinc compounds used could be
summarised as follows; uses in soldering, welding fluxes, fire proofing, pesticidal
wood protectant, dry batteries, cauterising agent in medicine, as phosphors in X-ray
and TV screens, and luminous watch faces, as lubricants, for the water proofing of
textiles, papers, and concrete. Organozinc compounds are used as fungicides or
antiseptics (Ohnesorge and Wilhelm, 1991). The world production of zinc was

estimated about 6 million metric tons between 1980 and 1982.

1.3 HEAVY METAL LEVELS IN THE MARINE ENVIRONMENT

Under natural (uncontaminated) conditions metal concentrations in the marine
environment are very low. Because of the use of metals in different fields of
industry, agriculture, medicine, etc., concentrations of metals may be increased in
the marine environment, especially in estuaries and coastal waters which are much
more vulnerable to the impact of pollution than the open ocean. Therefore,
concentrations of metals may vary greatly with locality and time. For example, the
range of heavy metals in ocean water in ug 1-1 is reported as follows ; Hg 0.004-
0.012, Cd 0.0002-0.025, Cu 0.025-0.64, Pb 0.006-0.015, Zn 0.0007-0.588 (Burton
and Statham, 1982). The levels of the metals, however, are higher in coastal water
and especially in estuaries since they are often contaminated by human activities.
Concentrations of heavy metals in some of estuaries and coastal waters around the
world are given in Table 1.1. In Table 1.1, high concentrations of metals represent
the areas where human activities were prime factors. Concentrations of heavy metals
in sediments are normally higher than in the sea that overlies them. The most

important factors affecting metal concentrations of sediments are also dependent on
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the sources of contamination. Oceanic levels of heavy metals in sediments are also
lower than those from coastal waters and estuaries (Chester and Stoner, 1974).
Sediment concentrations of uncontaminated areas are reported as follows; Hg 0.03,
Cd 0.2, Pb 25, Cu 10 and Zn 100 pg g! (Bryan and Langston, 1992).
Concentrations of heavy metals in the sediments of some estuaries and coastal waters
are given in Table 1.2. In Table 1.2, high concentrations of metals in sediments are

also found in areas where human activities were also prime factors.

Concentrations of heavy metals in marine animals are rather complicated to
generalise. They depend upon whether the metal is essential for a class of marine
animals. Copper, zinc and iron are metabolic requirements by marine animals.
However, one group of marine animals may employ a metal for a prime
physiological function, and thus contains that metal in high levels while other groups
may not need it in high levels but only in trace levels. For example, copper in
crustacea is used for the respiratory pigment 'haemocyanin’' and is found in high
levels whereas in fish, levels are in trace amounts since they use iron in
'haemoglobin’ for this purpose. Under natural conditions non-essential metals (Hg,
Cd Pb) are generally present at very low concentrations. However, concentrations in
aquatic animals are heavily dependent on the concentrations of metals in water. An
increase in the concentration in water could lead to a significant increase in the metal
concentration in the tissues of marine animals. Therefore, animals from polluted
areas often have higher levels of non-essential metals in their tissues than animals
from relatively clean areas. (Langston 1990 ; Bryan and Langston 1992). Some
species of marine animals may naturally contain high concentrations of a non-
essential metal than other group of animals (Clark, 1989). An essential feature
affecting concentrations of metals in animal tissues is the ability of animals to

bioaccumulate or to regulate metal concentrations.
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1.4 BIOACCUMULATION OF METALS BY MARINE INVERTEBRATES

The concentrations of metals in aquatic animals vary because they reflect the net
effect of two competing processes, that of uptake and of depuration. The ambient
concentration of metal in the water will itself vary because of changes in the rate of
addition of metals and their losses from the water. Bioaccumulation of metals is
mainly dependent on the availability of metals from the environment. The principles
which govern the transport of most substances into biological tissues also apply to
metal transport. Metals which exchange rapidly (e.g. Co) are accumulated less
efficiently than metals which exchange slowly (e.g. Hg), as would be expected if a
balance between influx and efflux provided the underlying control on metal uptake
(Luoma, 1983). Two aspects of metal uptake which are unique, however, may
strongly influence interpretation of metal availability studies. In some circumstances
metal concentrations never reach a steady state (i.e. life-long net uptake may occur).
Also the ultimate level of bioaccumulation is not always solely a function of transport
rates. Life-long net accumulation of metals is indicated by a positive correlation

between metal concentrations and size of organism in many species (Luoma, 1983).

Uptake of heavy metals by aquatic animals is generally known to be by two uptake
routes, which are uptake from water and from food. However, metals could also be
accumulated from sediment. Bryan and Langston (1992) indicated that uptake of
metals from sediment in deposit-feeding animals may occur following the ingestion of
particles, or, in some cases, by pinocytosis of particles at the body surface.
Concentrations of heavy metals in the sediments are usually higher than those in the
overlying water by about three to five fold. With such high concentrations, the
bioavailability of even a minute fraction of the total sediment metal assumes

considerable importance, especially in some filter-feeding and burrowing organisms.

15



Furthermore, several metals, including mercury and lead, may be transformed in
sediments to organo-metallic compounds having increased bioavailability and toxicity
(Bryan and Langston, 1992). Uptake from water is perhaps the most important route
for many or all heavy metals because aquatic animals accumulate them continuously.
Concentrations of free metal ion appear to be the most important control on metal
uptake from solution (Luoma, 1983). Studies on aquatic animals showed that heavy
metals, especially non-essential metals such as Hg, Cd and Pb, are accumulated from
the solution with no regulation and in proportion to environmental concentrations.
They are also accumulated from the food and the concentration of the tissues
increases. There is evidence, however, that tissue concentrations of essential metals
such as Cu and Zn can be regulated by decapod crustaceans, at least up to a threshold
environmental level. Net accumulation of these metals only begins after this
mechanism breaks down at concentrations which are higher than these threshold

levels. More information is given in Chapters 3, 4 and 6.

1.5 TOXIC EFFECTS OF HEAVY METALS

Toxic effects of metals occur after excretory, metabolic, storage and detoxification
mechanisms are no longer able to match to uptake rates. This capacity, however, may
vary greatly between phyla, species, populations, even individuals, and may depend
on the developmental stage of the organism as well (Langston, 1990). Therefore,
toxic effects and bioaccumulation of metals are well correlated. Studies on aquatic
animals show that heavy metals affect many biological processes such as regeneration,
ecdysis, development, respiration, reproductive performance, behaviour, hatching and

osmoregulation (Table 1.3).
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1.6 FACTORS AFFECTING BIOACCUMULATION AND TOXICITY OF
HEAVY METALS

1.6.1 Physiological Conditions of Marine Animals

Seasonal variations in the physiological conditions of aquatic organisms primarily
arise from the reproductive cycle (such as the maturation of the gonads and gametes
and spawning) and changes in the growth rate. These include substantial changes in
the balance within the organism between protein, lipids and carbohydrates, as well as
affecting body weight, water content and the gonad condition of the organism
(Mance, 1987). Changes of physiological conditions during different seasons of year
are more pronounced in crustacean which must moult in certain periods.
Concentrations of copper and zinc in decapod crustaceans can change depending on
moult stages of animals (Engel and Brouwer, 1987). Loss of metals in the shell of
crustaceans during moult can also contribute an important variation to the total metal

concentrations of the animals.

1.6.2 Growth, Age, and Sex

The concentration of a metal in an organism is a function of the balance between the
rate of accumulation and depuration. It is also a function of the rate of change in the
body mass as the rate of growth will determine the quantity of tissues through which
the net gain or loss of metal will be distributed (Mance, 1987). Thus, in general,
animals which have fast growth rates show lower tissue concentrations of non-
essential metals than animals which have slower growth rate (Phillips, 1980). Age is
also known to be important in the interpretation of the metal content of marine
animals directly or indirectly by weight or physical dimensions (Mance, 1987).

Mercury is different from most heavy metals because tissue concentrations have been

18



consistently shown to increase with age and size. Therefore size and age of marine
animals are very important factors to take into account especially when a relationship
exist between metal concentration in tissues and size and/or age of aquatic animals
(Phillips, 1980). Sex of marine animals could also be a significant factor since male
and female animals could have different growth rates (Mance, 1987 ; Howard, 1989).
Additionally, spawning has a considerable direct impact upon body content. The
extent of this depends upon the relative sizes and therefore weight loss from the
gonads of the two sexes. The faster growing sex can be expected to contain lower
concentrations of metals. The Norway lobster, Nephrops norvegicus is very good
example for this. Male animals grow much faster than females. Thus, the same age of
males and females would have different sizes males being larger than females
(Howard, 1989). Mercury a shows positive relationship with size and therefore
concentrations in the tail muscle of each sex in same size group are also different,
namely females present higher levels than males (Davies and McKie, 1983 ; Lima,

1984).

1.6.3 Salinity and Temperature

Although it is not universal, uptake of metals generally increases with an increase in
temperature and decrease in salinity. The higher toxicity of metals such as Hg, Cd,
Cu, Pb and Zn at low salinities is generally attributable to more rapid accumulation
rates and therefore it is very important to consider this effect in estuaries (Langston,
1990). Phillips (1980) indicated that salinity affects the physiology of aquatic animals
as well as having effects on metal accumulation. Phillips (1980) also indicated that
aquatic animals accumulate metals at higher rates in higher temperature as well as

showing higher loss in high temperature.
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1.6.4 Chemical Characteristics of Metals

Uptake of metals by marine animals can be affected by the chemical form of metals.
Hg, Sn and As are known to occur in methylated forms in the environment. The best
known examples of methylation affecting metal accumulation and toxicity are for Hg
and As (Luoma, 1983). Organic mercury accumulates to higher concentrations in the
tissues and is more toxic to animals than inorganic mercury (Chapter 3). Oxidation
state also affects the availability of Hg, Se, As, and Cr. In general, HgO is
considerably more available than Hg2+ because of the lipid solubility of the former.
Se2* is more available to mussels than Se®t and Cré+ is more available to
organisms in general than Cr3+ (Luoma, 1983). Chelation is also an important factor
which affects accumulation and toxicity of heavy metals. Chelation is the formation of
a metal ion in association with a charged or uncharged electron donor referred to as a
ligand. The ligand may be monodentate, bidentate, or multidentate; that is, it may be
attach or co-ordinate using one or two or more donor atoms. Chelating agents are
generally non-specific in regard to their affinity for metals. They will mobilise and
enhance the excretion of a rather wide range of metals to varying degrees, including
essential metals such as calcium and zinc. Chelating agents include; BAL (British Anti
Lewisite), DMPS (2,3-dimercapto-1-propanesulfonic acid), Calcium EDTA,

Penicillamine (Goyer, 1991).

1.6.5 Enhanced Tolerance to Metals

Aquatic animals can develop enhanced tolerance against toxic effects of heavy metals
by living in slightly contaminated waters. Tolerant animals can often survive in
environmental metal concentrations that animals from relatively clean environments
can not tolerate (Uma Devi, 1987 ; Uma Devi and Prabhakaro Rao, 1989 ; Kraus et

al., 1988). The reason for this could well be related to processes of induction of



metal-binding proteins which form after exposure to heavy metals. Studies have
shown that marine animals which live in elevated levels of heavy metals can bind
these metals to special low molecular weight proteins 'metallothioneins' which can be
an efficient detoxification tool against heavy metal toxicity (Chapter 6). Therefore,
animals from contaminated areas could be more resistant to heavy metal toxicity and
show higher tissue concentrations than animals from clean areas. They could also have
higher levels of metallothionein since metallothionein levels increase with heavy metal
exposure (Chapter 6). Studies have also shown that protection against toxic effects of
cadmium depends on presynthesized metallothioneins (Kito et al., 1982 ; Goering and

Klaassen, 1984).

1.6.6 Interaction of Heavy Metals

Interactive effects among metals may be a very important factor influencing metal
availability to organisms and toxicity. There are several types of possible interactions:
(1) enhancement of uptake (synergistic effect) (2) competitive displacement on metal-
specific binding proteins in tissues; and (3) competitive inhibition of uptake at the
environmental interface (antagonistic effect) (Luoma, 1983). In particular there is
consistent evidence of competition between a number of metals such as Cd-Zn, Cu-
Ag, Cu-Mn, Cd-Se and Hg-Se (Bryan et al., 1985 ; Sunda et al., 1981 ; Pelletier,
1985). Studies with crustaceans showed that cadmium can be antagonistic to the
biological uptake of zinc and copper (Negilski et al., 1981 ; Devineau and Amiard-
Triquet, 1985). Selenium can also show an antagohistic effect to the toxic effects of
mercury (Lucu and Skreblin, 1981). However, cadmium and selenium showed a
synergistic relationship (Bjerregaard, 1982 ; 1985). Mercury and cadmium did not
increase or decrease each other's accumulation but they showed effects in additive

ways (Weis, 1978).



1.7 DETOXIFICATION OF HEAVY METALS IN MARINE ANIMALS

Homeostatic mechanisms of an animal are a crucial factor in its natural environment.
Terrestrial animals are generally only exposed to metals in their diet or in the air they
breathe, whereas aquatic animals are exposed to dissolved and particulate metals in
the medium in which they are immersed as well as in their diet. The surface is larger,
consequently uptake of metals is often far greater in aquatic animals. In aquatic
habitats, the effects of environmental variables on metal uptake are much more
important since variation in salinity, pH, redox conditions, etc., can affect both the
chemical speciation of the metal and the physiology of the animal (George, 1982).
Therefore, the intracellular concentrations of metal ions must be regulated for the
maintenance of essential life processes. Since metals may be more readily available to
aquatic organisms and many appear unable to regulate the accumulation, they provide
good examples of detoxification mechanisms for dealing with intracellular
concentrations of non-essential metals and excess levels of essential metals (George,
1982). Heavy metals are detoxified as; nucleoprotein complexes (Cu, Pb),
phospholipid complexes (As, methylated), selenium complexes (Hg, and methyl-Hg,
possibly Cd), metallothionein (Cd, Cu, Hg, Zn, and possibly Ag), lipofuschin
granules, 3degrees lysosomes (As, Au, Cd, Cu, Fe, Hg, Pb, Pu, Th, Zn), phosphate
granules (Fe, Zn, Al, Cu, Sr and trace of Hg, Pb), blood cell vesicles (Cu with S, Zn
with P) and O9 transport proteins (Fe, Cu) (see George, 1982). Metallothionein
which could be one of the most important detoxification mechanisms of heavy metals

will be discussed widely in chapter 6.
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1.8 WELL KNOWN HEAVY METAL POLLUTION INCIDENTS IN THE
MARINE ENVIRONMENT

The Minamata Bay disaster in Japan is one of the best known examples of heavy
metal pollution. The town of Minamata had a population of 50,000 for whom seafood
was a staple component of the diet. In 1932, Minamata Bay began receiving mercury
waste from a factory which used mercuric oxide as a catalyst in the production of
acetaldehyde and vinyl chloride. This continued until 1968 (Mance, 1987). The
factory discharged mercury waste at concentrations as high as 120 ppm of which 5 %
of this was methyl mercury (Miettinen et al., 1970 ; Salvatore et al., 1977).
According to Langston (1990) the factory put 80 tonne of mercury into the Bay
between 1932-1968 which caused sediment concentrations of several hundreds ppm,

with water concentrations of as high as 3.6 ppm.

Mercury poisoning was seen in great numbers of people, especially fishermen and
their families whose main component of their diet was seafood. Common problems
caused in the town were; death, impaired vision, loss of motor co-ordination and
other neurological abnormalities. Hormonal and enzymatic disturbances were also
common (Salvatore et al., 1977). The first recorded human case was that of a 5 year
old girl suffering from delirium, speech disturbance and difficulties in walking as a
result of brain damage in 1956 (Mance, 1987). There were 800 verified victims of
Minamata disease, with 107 fatalities and a further 2800 possible additional victims by

1975.

A second outbreak of mercury poisoning in Japan occurred in 1965 among fishermen
living near the mouth of the Agamo River. Like the Minamata tragedy, this was
caused by the contamination of fish by mercury in an effluent, in this case, from a

fabtory 60 km upstream (Clark, 1989).



Cadmium was the reason for the itai-itai disease in Japanese villages on the Jintsu
River. This disease caused 100 deaths with painful effects on joints and bones. It was
attributed to contamination of rice by cadmium from the effluent from a zinc smelter
(Clark, 1989). Stoeppler (1991) indicated that patients had taken up 300-480 ug of
cadmium per day. The symptoms of disease were severe renal tubular damage and

pronounced osteomalacia causing great pain in back and legs.

1.9 PUBLIC HEALTH STANDARDS

After recognition of hazards of heavy metal toxicity, maximum acceptable
concentrations of heavy metals in seafood have been suggested. The World Health
Organisation (WHO) recommended a maximum tolerable consumption of mercury in
food of 0.02 mg of methyl mercury and 0.3 mg of total mercury per week. Standards
adopted for maximum permitted mercury levels in seafood are 0.5 ug g'l (ppm) in
the USA and Canada, 0.7 ug g'1 in Italy, 1.0 ug g‘1 in Japan, Germany, Sweden,
and Switzerland (Clark, 1989). The WHO established the toxicological threshold of
cadmium as 0.525 mg ingested per week. Actual weekly uptake, however, should be
no more than 0.1 to 0.25 mg Cd, in extreme cases 0.5 mg (Hapke, 1991). Clark
(1989) indicated that except in the case of shellfish from contaminated water, seafood
contains no more cadmium than other foods and does not represent a special hazard.
He also indicated that there is no danger to humans of copper poisoning from seafood-
the lethal dose is about 100 mg-but the human taste threshold for copper is low, 5.0-
5.7 ppm, and the taste repulsive. Lead does not play an important part in aquatic food
chains. Lead concentrations in fish depend upon the amount of lead pollution in the
marine environment. Clark (1989) indicated that contamination of sea and seafood
does not appear to be a matter of concern, though it is held responsible for serious
damage to health on land. A weekly dietary intake of 3 to 4 mg is accepted as

toxicologically harmless because absorption is also low (Hapke, 1991).



To obtain seafoods which contain heavy metals in acceptable low levels and to protect
marine life, heavy metal concentrations in the marine environment can be monitored
against Environmental Quality Standards (EQS). EQS levels of metals were divided
into two different categories as estuary and coastal waters. McLusky (1989)
summarised these levels as (in pug 1'1) ; Cd < 5.0 and < 2.5, Cu < 5.0 and < 5.0,
Hg < 0.5 and < 0.3, Pb < 25.0 and < 25.0, Zn < 40.0 and < 40.0 in estuaries

and coastal waters respectively.

1.10 CLYDE SEA AREA AND HEAVY METAL CONTAMINATION

The Firth of Clyde (Figure 1.1) on the west of Scotland is a major seaway and
vacation area. This area consists of the estuary of the River Clyde and the area to the
seaward. The Clyde Sea area has a connected water area of 1856 kmZ2, a volume of
about 100 km3, and the land surface draining into it is 5360 kmZ2 in extent. It is a
vital waterway where sea lanes converge on the west of Scotland's most highly

developed urban and industrial areas (Steele et al., 1973).

The Clyde Sea supports important commercial fisheries and receives domestic,
industrial and agricultural wastes from a catchment area with a human population of
about two million (Steele et al., 1973). Pollution sources are numerous. Sewage
sludge consisting of primary settlement material, activated sludge and industrial waste
is daily dumped off Garroch Head by Glasgow Corporation and liquid is discharged
into the River Clyde. Untreated sewage from inland as well as coastal towns is also
discharged along much of the coast of the Firth (Steele et al., 1973 ; Mackay, 1986).
Sewage sludge contaminated with a variety of heavy metals has been dumped in the
Firth of Clyde for some years at a rate of 1 million tons per year (Mackay, 1972 ;
Clark and Davies, 1989). Topping (1974) indicated that the Clyde Sea area also

receives considerable inputs of heavy metals from atmospheric deposition.
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Figure 1.1. A map of the Clyde Sea. The filled star indicates the sewage sludge dumping area,
while the unfilled star indicates the sampling area of the Norway lobster Nephrops norvegicus in

Chapters 2-6.
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The Norway lobster, Nephrops norvegicus (Figure 1.2) is a member of a group of
animals, the Crustacea, characterised by possessing a hard, jointed, external shell
which encases the body and limbs. It is closely related to the common lobster
Homarus gammarus, from which it is readily distinguished by its smaller size,
orange red colour, long slender chelae (claws) and prominent kidney-shaped eyes.
The fore part of the body is covered by a continuous shell, the carapace, while the
hind part (tail or abdomen) is divided into six flexible segments. The carapace length
is the measurement most often used in denoting the size of Nephrops. The body bears
20 pairs of jointed appendages, specialised for performing different functions. The
antennae are sensory and are used for gathering information about the environment.
The large claws can be used for defence and for catching items of prey, which are
passed to the mouth, where different mouthparts cut them up and manipulate them
into the digestive tract. The four pairs of legs are used for walking, and together, with
the claws, for digging the burrow. The sexes are separate and can easily be
distinguished one from the other. The first pair of pleopods on the tail are rigid in the
male animals and form a forward-pointing tube which is used to pass a sperm package
to the female during mating. The sperm then fertilise the eggs when they are laid. In
the female the first pair of pleopods is flexible and feather-like. The pleopods in
females on the abdomen are used to carry the eggs. Any detached limb is regenerated

and grows with moult.

The Norway lobster, Nephrops norvegicus is widely distributed on the continental
shelf of Europe. Its consumption by Man has increased significantly in recent years in
the U.K. and other European countries. For example, although landing of Nephrops
from waters in north-east Europe was 25,000 tonnes in 1965, this reached 55,545
tonnes in 1985. Nephrops is the most important shellfish species in the United
Kingdom and the Scottish fishery for this animal is the most important fishery of its

type in Europe. Landings by Scottish vessels in 1987 were over 16,500 tonnes with a



value of over 32.6 million pounds (Howard, 1989).

The female Nephrops attains maturity at an overall body length of 73-78 mm
(carapace length 21-23 mm), when it is three years old, while the male Nephrops
appears to reach maturity after three years (CL 25 mm). During late summer and
early autumn the ripe ovary in mature females can be seen through the carapace as a
dark, green-black area. In Scottish waters the mature females generally spawn every
year, the eggs being fertilised and spawned from August to November. The dark-
green eggs being fertilised and spawned are carried on the pleopods of the female's
tail and remain there for about nine months while they develop. The number of eggs
carried increases with an increase in the size of the animal. A female of 25 mm
carapace length carries about 500 eggs and one of 35 mm CL about 1,500. As the
embryo develops within the egg there is a gradual change in colour from dark-green,
through pale green, to a pinkish brown colour just prior to hatch. Hatching starts in
late April and continues until August. The Norway lobster is an active forager. The
larvae are carnivorous, actively preying on a wide range of planktonic organisms. The
juveniles and adults feed on a wide variety of material, including molluscs, annelid
worms, Crustacea, echinoderms and small fish. They can browse on very small
organisms like the microscopic Foraminifera found in the mud, catch active prey by

snapping with their claws, or search for food on or within the surface of the mud.

In order to grow, Nephrops must first cast their hard outer shell, a process known as
moulting. The process takes about 30 minutes and is followed by a marked increase in
size as the animal absorbs water. The new shell reaches full hardness about two weeks
after the moult, and no further growth can then occur until the next moult. Moulting
occurs at any time of the year, although peak periods occur in March and April and
from July to November (Howard, 1989). Peak periods of moulting activity are

generally more pronounced in females, which must moult before mating takes place.
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Mating occurs when the female is in the "soft" condition, when she is impregnated
by a hard male In Scottish waters juvenile Norway lobsters grow rapidly, attaining a
mean total length of 52 mm (14 mm CL) after one year, having moulted 10 times.
After this initial burst, growth rates slow down, and the inter-moult period increases.
On attaining sexual maturity the females moult only once a year whilst, in general,
the males of comparable size continue to moult at least twice a year until they reach a
total length of about 100 mm (30 mm CL). After this size Norway lobster generally
moult once a year, except for the largest animals (above 45 mm CL), for which there
may be an interval of up to three years between moults (Howard ,1989). Male
Nephrops grow much faster than female animals and at the same age the male and
female animals have different sizes males being larger than females (Davies and

McKie, 1983 ; Howard, 1989).

Nephrops norvegicus is one of the member of a complex community of burrow-
dwelling species which includes several fish species, a small crab and many other
invertebrates. The distribution of the Norway lobster is dependent upon the
availability of a sea bed composed of fine cohesive mud in which it can build
burrows. Some areas have very fine sediments with a high (90 %) content of silt and
clay particles, while others have much coarser sediments with 40 % silt and 60 %
sand particles. Nephrops are found within this range of sediments, but as the sediment
changes, so does the structure of the population, with large animals at low population
densities in fine sediments and smaller animals in high population densities with
coarser sediments. The burrows extend 20-30 cm below the mud surface and range
from simple tunnels with a single opening, through the more typical forms with a
wide sloping front entrance and a smaller rear entrance, to complex tunnels with more
than two openings. Norway lobsters are found in depths ranging from 15 m to 800 m
(Howard, 1989). The density and spacing of burrows varies considerably from one

animal in every 5 m2 to 4 animals per m2 in most recognised grounds.
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1.12 GENERAL AIMS OF THIS STUDY

As has been explained above, heavy metals can accumulate in tissues of marine
animals and interfere with many of biological functions in marine animals. They can
also be lethal to marine animals at higher levels. When heavy metals enter the food-
chain at elevated levels in the marine environment, they can also reach humans.
Nephrops norvegicus is a very important commercial food for human consumption in
many countries and the Clyde Sea is continuously contaminated with metals. There is
little information available on heavy metal concentrations in Nephrops norvegicus or
on the distribution of metals among tissues in relation to sex, size and season. In this
study concentrations of metals (Hg, Cd, Cu, Zn and Fe) were measured in the tissues
such as the gill, hepatopancreas, tail muscle, carapace, ovary and external eggs of
Nephrops caught from the South of the Isle of Cumbrae in the Clyde Sea and the
effects of sex, size and season on the metal concentrations of the tissues were
investigated. Toxicity of metals dissolved in seawater was studied to find out lethal
and sublethal concentrations of metals (methyl Hg, Hg, Cd, Cu, Zn and Pb) and
influences of sex and size on metal accumulation and tissue distribution were
investigated using sublethal concentrations of the metals. Accumulation of metals
from food was also studied and comparison of tissue distribution among tail muscle,
gill and hepatopancreas of heavy metals after exposure to metals in sublethal
concentrations in seawater and food were investigated using triangular diagrams to
investigate the dominant uptake route of metals into the tissues under laboratory
conditions. There is also no information in the literature on the effects of heavy metals
on physiological functions in Nephrops norvegicus such as responses of gill ATPases
to heavy metal pollution. Characterisations of gill ATPases were first, carried out and
effects of sublethal concentrations of heavy metals (Cd, Cu and Zn) in combination
with the activities of gill ATPases such as Na,K-ATPase, Mg-ATPase and its

oligomycin sensitive and insensitive components were investigated in relation to
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contamination gradient in male and female Nephrops under laboratory conditions.
There are suggestions that heavy metals can be detoxified by induction of low
molecular weight proteins such as metallothionein in the tissues of marine animals
when they are exposed to elevated levels. However, there is no information in the
literature indicating whether Nephrops norvegicus is able to induce metallothionein
when exposed to heavy metals. Induction of metallothionein in the gill and
hepatopancreas of the animals was investigated in relation to contamination gradient
after exposure to heavy metals (Cd, Cu and Zn) in combination in male and female
animals in laboratory conditions. The relationship between metal and metallothionein
concentrations was also investigated. Studies were carried out under field and
laboratory conditions to be able to apply the laboratory experiments to natural
conditions. Size and sex of the animals were taken into account to be able to correct
any error which might come from these parameters. ATPase activity in the gill of
male animals was investigated in field samples using animals from ten stations
(including the sewage dumping ground) of the Clyde Sea to find out if there were any
variations in the activities of gill ATPases in relation to contamination gradient. Some
measurements on the metal and ion concentrations of the gill and blood were also
carried out. Metallothionein concentrations in the gill and hepatopancreas of male
animals in different stations in the Clyde Sea area (including the sewage dumping
ground) were also investigated in relation to contamination gradient. Heavy metal
concentrations of the tissues were also measured and the possible relationship between
heavy metal and metallothionein concentrations were investigated. Because Nephrops
norvegicus in the Clyde Sea are infected by a fatal parasite related to Hematodium
perezi (flagellata) in recent years, studies such as ATPase activity and metallothionein
in the tissues of Nephrops norvegicus from different stations in the Clyde Sea were
also investigated for effects of the infection on some parameters in the tissues of the

infected and normal animals. Chapters of this study are as follows;



Chapter 1 = General Introduction.

Chapter 2 = Heavy Metal Concentrations of the Tissues of the Norway Lobster,

Nephrops norvegicus; Effects of Sex, Size and Season.

Chapter 3 = Effects of Sex and Size on Metal Accumulation and Tissue Distribution
of Heavy Metals from Sea Water by the Norway Lobster, Nephrops norvegicus:;

Toxicities of Heavy Metals.

Chapter 4 = Accumulation of Heavy Metals from a Food Source and Comparative
Routes of Mercury and Cadmium Accumulation and Tissue Distribution of Heavy
Metals from Food Source and Sea water by the Norway Lobster, Nephrops

norvegicus.

Chapter § = Characterization of Gill ATPases and Effects of In Vivo Exposure to
Cadmium, Copper and Zinc on the Activities of the Gill ATPases in the Norway

Lobster, Nephrops norvegicus.

Chapter 6 = The Induction of Metallothionein in the Gill and Hepatopancreas of the
Norway Lobster, Nephrops norvegicus After Exposure to Cadmium, Copper and

Zinc.
Chapter 7 = Gill ATPase Activities and Some Parameters in the Gill and Blood of

the Norway Lobster, Nephrops norvegicus from Contaminated and Uncontaminated

Areas of the Clyde Sea; Effects of a Parasite Infection.
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Chapter 8 = Heavy Metal and Metallothionein Concentrations in the Gill of the
Norway Lobster, Nephrops norvegicus from Contaminated and Uncontaminated Areas

of the Clyde Sea; Effects of a Parasite infection.
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CHAPTER 2

HEAVY METAL CONCENTRATIONS IN SOME TISSUES OF THE
NORWAY LOBSTER NEPHROPS NORVEGICUS: EFFECTS OF SEX, SIZE
AND SEASON



2.1 INTRODUCTION

Metals occur naturally in sea water and many, such as copper, cobalt, iron,
manganese, nickel, selenium and zinc are used for essential purposes by marine
organisms. Crustaceans require copper, zinc and iron for their respiratory pigment,
enzyme or body components and must accumulate them from ambient water and food
to respond to the demands of metabolism. White and Rainbow (1985 ; 1987)
estimated total requirements of some essential metals in decapod crustaceans to be
84, 71 and 27 ug g'1 Cu, Zn and Fe respectively. Levels of essential metals in
tissues can be regulated by decapod crustaceans at concentrations of dissolved metals
below a threshold level. At metal concentrations above this threshold concentration,
the regulation mechanisms break down and these metals are accumulated in
proportion to the dissolved metal concentrations (Bryan, 1964 ; Bryan, 1967 ; White
and Rainbow, 1982 ; Rainbow, 1985 ; Rainbow and White, 1989). Thus, the
concentrations of essential metals in water may not be life threatening to the animals
until threshold concentrations are reached. However, metals are released in industrial
effluents, sewage and atmospheric pollution (Nolting, 1986 ; Mance, 1987 ;
Langston, 1990 ; Guieu et al., 1991). Many experimental studies have shown that
excess amounts of essential metals can cause elevated concentrations in crustaceans
and cause mortality depending on concentration, time and species (Eisler and
Hennekey, 1977 ; Ahsanullah and Arnott, 1978 ; Price and Uglow, 1979 ; Jonhson
and Gentile, 1979 ; Ahsanullah et al., 1981 ; Devineau and Amiard-Triquet, 1985 ;
Bjerregaard and Vislie, 1986 ; Nugegoda and Rainbow, 1988) or interfere with

normal processes of metabolism of crustaceans (Table 1.3).

Mercury and cadmium have no known role in biological systems. In addition to

being present at low natural levels, they are contaminants of aquatic systems that are
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released by anthropogenic activities such as, from chlor-alkali plants, the use of
fungicides, pesticides, antifouling preparations, mining and smelting facilities
(Campbell et al., 1986 ; Mance, 1987 ; Langston, 1990). Berk and Colwell (1981)
showed that mercury can be bioaccumulated by marine animals through the food-
chain. The dominant route for accumulation of cadmium in Crustacea was found to
be by food (Jennings and Rainbow, 1979 ; Davies et al, 1981). It is well known that
accumulations of non-essential metals are greatly dependent on concentrations in
ambient water, period of exposure and species. There is no evidence that tissue
concentrations of non-essential metals can be regulated by crustaceans. These metals
are accumulated and stored and concentration factors may reach many thousand fold
(Nimmo et al., 1977 ; Jennings and Rainbow, 1979 ; Meadows and Erdem, 1982 ;
Devineau and Amiard-Triquet, 1985 ; Riisgard and Famme, 1986 ; Krishnaja et al.,
1987).

The Norway lobster, Nephrops norvegicus is a widely distributed crustacean on the
continental shelf of Europe. There are important inshore fisheries in countries
bordering these waters and the consumption of Norway lobster has increased in
recent years. In North-west Europe alone, landings of Norway lobster have increased
from 25,000 tonnes in 1965 to 55,000 tonnes in 1985. In economic terms, the
Norway lobster is the most important shellfish species in the United Kingdom
(Howard, 1989). The Clyde Sea area receives anthropogenic inputs of pollutants
(Mackay et al. 1972 ; Steel et al. 1973 ; Mackay, 1986), like most British waters
(Allen and Rae, 1986 ; Campbell et al., 1986 ; Nolting, 1986 ; Langston, 1990 ;
Cossa and Fileman, 1991) and supports a large fishery for Nephrops (Bailey et al.
1986). This chapter reports the concentrations of mercury, cadmium, copper, zinc
and iron in the tissues such as the carapace, hepatopancreas, gill, tail muscle, ovary

and external eggs of Nephrops norvegicus sampled in different months of the year



from the South of the Isle of Cumbrae in the Clyde Sea Area. Male and female
animals were separated and size (carapace length) of the animals was taken into
account in expressing the metal concentrations of the tissues. This study will also
help for later studies if sampling period, sex and size of Nephrops norvegicus are

important factors to consider in further experimental and field studies.

2.2 MATERIALS AND METHODS

The following methods of animal capture, dissection and heavy metal analysis have

also been used in chapters 3 and 4 of this thesis unless otherwise indicated.

2.2.1 SAMPLING OF THE ANIMALS

All of the Norway lobsters, Nephrops norvegicus, were caught from south of the Isle

of Cumbrae, Clyde Sea, Scotland (Figure 1.1).

2.2.1.1 Experimental Animals

Experimental animals were caught by trapping in creels, and transferred to a
fibreglass stock holding tank which contained 1 tonne circulating sea water. The
animals were allowed to acclimatise for a week. The animals were retained in
circulated sea water which was continuously filtered, oxygenated and cooled. The
experimental sea water was routinely tested for aquarium criteria by the aquarium
technician and was approximately ; salinity 32 per thousand, pH.7.7, nitrite 0.33 mg

NOp I-1, nitrate 12.5 mg NO3 -1,
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2.2.1.2 Field Animals

Nephrops which would be used to measure natural concentrations of the metals were
caught by trawling and brought to the laboratory. They were frozen at -20 ©C for
later use if analyses could not be done immediately. The following procedure was

applied to the both natural and experimental animals.

2.3 DISSECTION

Carapace length (from the rear of the eye socket to the mid dorsal edge of the
carapace) was measured to the nearest 0.1 cm and male and female lobsters
separated. Then, samples were carefully dissected using clean equipment to separate
the tissues; carapace, hepatopancreas, gill, tail muscle, ovary and egg mass. Male
testis was removed in order not to mix to with the hepatopancreas. Each tissue
sample was weighed using a Precisa 300MC (Metagram Instruments Ltd., Aspley
Guise, Buckinghamshire) top-pan balance and put in a marked clean glass petri dish.
All samples were placed in an oven which was set to 60 ©C to dry the samples.
Drying was conducted for at least six days to ensure that all samples achieved a
constant dry mass. Dry tissues were used to measure metal concentrations in both

natural and experimental animals using the following techniques.

2.4 TRACE METAL ANALYSIS

2.4.1 Total Mercury Determination

Total mercury concentrations in tissues of Norway lobsters, Nephrops norvegicus

were measured using a cold vapour, atomic absorption spectrophotometry technique,
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incorporating a Data Acquisition Ltd. DA 1500-DP6 Mercury vapour detector. All
mercury analyses were done over two days. Samples were subjected to the following

procedure before mercury measurements were obtained.

1-) In the first day, dry tissue samples of 0.050-0.300 g were weighed to the nearest
0.001 g using a Precisa 300 MC (Metagram Instruments Ltd., Aspley Guise,
Buckinghamshire) top-pan balance and placed in clean digestion tubes. 4 ml
concentrated sulphuric acid and 1 ml concentrated nitric acid (Analytical grades)
were added to the tubes to begin digestion. Samples were placed in a thermostatic
water bath which was set to 57 ©C (Grant Instruments Ltd., Cambridge, Barrington).

Tubes were shaken occasionally to aid sample digestion.

2-) After tissue digestion had finished (about three hours), the tubes were taken from
the water bath and put onto a bench to cool at room temperature. Then the tubes

were placed in a refrigerator to cool to 4 OC.

3-) Potassium permanganate solution was made up in a dark glass bottle as 5% (25 g
potassium permanganate added (Spectrosol grade) to 500 ml distilled water) and
placed onto a magnetic stirrer for at least three hours. This solution was cooled in a

refrigerator for 30 minutes before using it.

4-) 2 ml aliquots of 5% potassium permanganate were added to the cooled samples
using a graduated syringe. After each 5% potassium permanganate addition, the
tubes were placed back in the refrigerator for 10 minutes to prevent heating and
frothing. In total, 14 ml of 5% potassium permanganate solution was added to each
sample which effectively oxidised the tissue present. The tubes were left in the

refrigerator overnight.
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5-) 2% potassium permanganate solution (12 g potassium permanganate added to
600 ml distilled water) was made up in a dark glass bottle and put onto a magnetic

stirrer overnight.

6-) 50% sulphuric acid solution was prepared by carefully adding, a few ml at a
time, 300 ml of acid to 300 ml distilled water in a conical flask placed in a cold

water bath. The flask was covered and left overnight.

7-) Reducing agent was prepared using 85 g tin (II) chloride in 250 ml distilled water

and 250 ml hydrochloric acid in a conical flask. This mixture was aerated overnight.

8-) On the following day, any precipitates in the samples were dissolved with 30 %
hydrogen peroxide solution by adding dropwise, with great care since it causes

heating and frothing.

9-) Each sample was transferred into a 25 ml volumetric flask and made up to
volume with distilled water. Digesting tubes were rinsed with distilled water and the
rinse was included in the 25 ml. After repeatedly inverting the volumetric flask to
ensure complete mixing, part of each sample was poured into a numbered 10 ml

beaker to await analysis.

10-) Standard mercury solutions were prepared using mercury (II) nitrate. For this,
100 ul of the 2% potassium permanganate solution and 100 ul mercury (II) nitrate
(BDH standard solutions) were added to a 100 ml volumetric flask and made up to
volume with distilled water. Three replicate standard solutions were made up in this

way, inverted repeatedly to ensure complete mixing and poured into beakers to await
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analysis.

11-) The 2% potassium permanganate solution was mixed with the 50% sulphuric

acid in a dark glass bottle and cooled in the refrigerator for 30 minutes.

12-) Mercury determination was conducted by adding 20 ml of the acidified
potassium permanganate solution, 25 ml distilled water and 1 ml of sample to a
Dreschel flask ; this mixture was reduced with 10 ml of the reducing agent and any
free mercury so produced drawn through magnesium perchlorate drying agent and
into the analyser. 'Background' mercury levels in chemicals used were measured by
repeating the above procedure, but not using the 1 ml of sample. All readings from
the analyser were subsequently corrected for the 'blank' (background) readings.
Calibrations of the analysis were performed with replicate analyses of standard
mercury (II) nitrate solutions; 100 ul (equivalent to 100 ng of mercury) of the
standard solution was analysed as above. The relationship between the reading
obtained from the analyser and the amount of mercury in the standard solution was
linear and therefore, only one concentration of mercury (II) nitrate solution was
analysed. The above procedure allowed up to 40 samples to be analysed; blank and
standard readings were checked regularly during the course of sample analysis. All
chemicals used were of 'Spectrosol',  'Analar’ or 'Puranal’ analytical grades
throughout. The mercury vapour detector was allowed to equilibrate to its working

temperature for at least 2 hours prior to every set of analyses.

The following steps were followed to determine the mercury concentration in a

particular sample.

1-) Blank readings were subtracted from standard readings, and the mean 100 ng
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standard reading obtained.

2-) The blank reading was subtracted from the sample reading and the amount of

mercury (in ng) determined as follows;

Reading

Mean standard / 100

3- The mercury concentration ( ug g-1) in a tissue is given by....

ng mercury * 25

sample dry weight ( g) * 1000

2.4.2 Organic Mercury Determination

Extraction of organic mercury in the tissues of Nephrops norvegicus was carried out

using an adaptation of the method of Uthe et al. (1972).

1-) Dry tissue samples were weighed using the same equipment. Tail muscle was
finely ground, while hepatopancreas was mashed with acid washed sand. The ground
samples were mixed with 10 ml 0.1 M copper sulphate solution (25 g copper
sulphate added to 1 litre distilled water), 5 ml acidic sodium bromide solution (250 g
sodium bromide added to 565 ml distilled water, to which was added 89 ml of
sulphuric acid and distilled water making a total volume of 806 ml with distilled

water) and 10 ml of toluene in a centrifuge tube. The tubes were covered with cling
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film to prevent evaporation of toluene and their contents mixed very well by shaking
by hand. Methyl mercury was released as methyl mercury bromide into the organic

(toluene) phase.

2-) Samples were centrifuged for 15 minutes at ca. 4000 revolutions per minute. 5
ml of toluene was taken with a graduated syringe and transferred to a second smaller

centrifuge tube.

3-) 2 ml of 0.005 M sodium thiosulphate (stock 0.05 M solution, 12.4 g sodium
thiosulphate added to 1 litre distilled water; 0.005 M solution prepared from this
solution by diluting it 10 times) and 5 ml of the toluene sample were mixed
thoroughly. By this process methyl mercury bromide was converted into methyl

mercury thiosulphate which passed into the aqueous phase.

4-) The toluene/sodium thiosulphate mixture was centrifuged for 10 minutes at ca.
2000 revolutions per minute. 1 ml of sample from the aqueous phase was taken with
a graduated syringe and placed in a Kjeldahl flask. This sample in the flask was
placed in a water bath at 50 OC for 1 hour to drive off toluene as the analyser was
found to be sensitive to toluene. The 1 ml of extracted sample contained 25 % of the

methyl mercury present in sample.

5-) After extraction of methyl mercury, the mercury content was read following the
same procedure explained earlier. All chemicals used were of 'Puranal, Analar or
Spectrosol' analytical grade throughout.

Extraction method efficiency and reproducibility were previously compared by

performing extraction of standard solution of methyl mercury standard from the same

51



laboratory (Thomson, 1991). He indicated that there was no significant difference

between direct measurement of methyl mercury standards and extracted samples.

2.4.3 Determination of Metals Other than Mercury

Concentrations of cadmium, copper, zinc, lead and iron in the tissues of Nephrops

norvegicus were determined using the following technique.

1-) 0.050-1.00 g of dry tissue samples (0.5-1.0 g of tissue samples which were
expected to show low concentrations, e.g. tail muscle) of the animals were weighed
(to the nearest 0.001 g) using the same equipment. They were transferred to 50 ml
clean digestion flasks. 10 ml nitric acid was added to each flask. The flasks were
then placed on a hot plate (temperature adjustable porcelain B290 J.Bibby Science

Products Ltd., Stone, Staffordshire, England) in a fume cupboard.

2-) The hot plate was initially set to number 6 (100 ©C), and the samples were left at
this temperature for at least four hours, shaking occasionally. After all the samples
were dissolved at that temperature, the hot plate's setting was increased to number 7

(200 ©C). Samples were boiled at this temperature for 20 minutes.

3-) Digested samples were taken off the hot plate and the flasks were put on a bench
to cool for one hour. The cooled sample solutions were poured into 25 ml clean
volumetric flasks and made up to volume with double distilled water. The digestion
flasks were rinsed with the same water and these rinsings made up part of the 25 ml.
The volumetric flasks were inverted repeatedly to ensure complete mixing and each

sample was poured into a clean plastic bottle (50 ml volume) to await analyses.



4-) Concentrations of the metals in the tissues of the lobsters were measured by flame
atomic absorption spectrophotometry (Philips PU9200 spectrophotometer, Pye
Unicam Ltd., York Street, Cambridge, England). The instrument is an automated
analytical instrument which incorporates advanced processing facilities and operates
under a central control microprocessor. An array of sensors provides input and
output data to the processing system which constantly monitors the instrumental
conditions and provides analytical results. The instrument burns a mixture of air and
acetylene gases and uses one hollow cathode lamp and one background correction
(deuterium) lamp. Readings of the metals were done by the instrument in 0.5 nm
bandpass, scanning from 200 nm at a rate of 10.0 nm/min. Lamp current and
wavelength were changed by the instrument automatically depending on the chosen
metal. Zinc, iron, cadmium, copper and lead were read by the instrument at
wavelengths of 213,9 nm, 248.3 nm, 228.8 nm, 324.8 nm and 283.3 nm

respectively.

5-) Standard solutions of the metals were prepared by diluting with double distilled
water, standard solutions for atomic spectroscopy (BDH Chemicals Ltd., Poole,
England). Standards were prepared in the following ranges to obtain the best linear
line drawn by the instrument. When standards do not give a linear calibration, the
instrument gives a warning sound so that standards could be repeated or reprepared.
The following concentrations of the metals were prepared for standard calibrations.
These levels showed linear relationships with absorbance values.

Cd = 50, 100, 500 and 1000 pg1-1

Cu = 500, 1000, 5000 and 10000 pg 1-1

Zn = 250, 500, 1000 and 2500 g 1-1

Fe = 1250, 2500, 5000 and 10000 g 1-1

Pb = 50, 100, 500 and 1000 pg1-l
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After calibration of the instrument was completed by using the above standards, one
or two standards were also repeated in every ten samples to check validity of the
instrument. The following steps were applied to calculate the concentration of a
metal in a tissue. Absorbance values and concentrations of the metals in aspirated
solutions were obtained from the instrument. The concentration values were

multiplied by dilution factor (25 ml) and divided by dry weight of tissue.

During the digestion of samples, two reference materials (TORT 1 lobster
hepatopancreas, National Research Council, Canada) were also included and their
metal concentrations were measured in the same way as that of samples. Mean values
and standard deviations of reference material measured with the above instrument
and method are given together with their certified values in the following table.

Table 2.1. Concentrations of metals and standard deviations in the reference material by
methods explained above. Concentrations are given as pg metal g'1 dry weight (R.C. =

Reference concentrations, P.C. = Present concentrations of the lobster hepatopancreas
determined by the above method and instrument).

Mercury Cadmium Lead Copper Zinc Iron

R.C. 0.33%0.06 26.3%+2.1 10.4%2.0 439*22 177%10 186+11

P.C. 0.36*0.04 23.9%0.4 10.7%0.6 398%13 170+x4.2 175%8.8

2.5 STATISTICAL ANALYSES OF DATA .

Trace metal concentrations in the tissues of 288 Nephrops norvegicus were
statistically analysed to investigate if there were seasonal differences. As levels of
some metals (e.g mercury) are known to be different between sexes, the male and

female animals were separated. Trace metal concentrations may vary with size (e.g.
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mercury, Davies and McKie, 1983), so carapace lengths of the animals were also

investigated.

Linear regression analyses (e.g. Draper and Smith, 1981) were used to investigate
the relationship if any, between trace metal concentrations (c) and carapace length (1)
and month (m). For each metal, tissue and sex, 5 models were considered to find the

best description of the data.

Model 1, ¢ = a + error.

Metal concentration shows no relationship with either month or carapace length.

Model 2, ¢ = a + b(l - T) + error.
Metal concentration varies linearly with carapace length; this relationship is the same

in each month.

Model 3, ¢ = a,; + error.

Metal concentration varies with month; there is no relationship with carapace length.
Model 4, c = ap + b ( -1 + error.

Metal concentration varies linearly with carapace length. The slope is the same in

each month. However, the intercept varies with month.
Model 5,c =ay, + by (- ) + error.
Metal concentration varies linearly with carapace length. The slope and intercept

both vary with month.

In all of these models, { is the mean carapace length of the whole sample (4.2 cm).
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The parameter a, is the mean concentration in month m (adjusted if necessary to
correspond to Nephrops length of 4.2 cm), and parameter by, is monthly variation in
mean concentration or slope, then {ap;} and {by} reduce to a and b respectively.
The errors are assumed to be independent and normally distributed with zero mean

and constant variance; this assumption appears consistent with the data.

The process of model selection is as follows. Model 5 was first fitted to the data. To
test whether model 4 was an adequate simplification, model 4 was then fitted to the
data and the residual sums of squares from both models were compared using an F-
test (Draper and Smith, 1981). If model 4 was an adequate simplification, then it is
possible subsequently to test whether we can simplify still further (e.g. model 2 or 3)
by further F- tests. In this way; the most suitable model for each data set can be
obtained. Tissues which showed trace metal concentrations according to model 1 and
model 5 were not further examined in seasonal graphs. They are shown only as mean
metal concentrations and standard deviations of tissues, because metal concentration
does not depend on either month or size in model 1 and month and size show an
interaction in metal concentration in model 5. Tissues which were suitable for model
3 and model 4 are shown in seasonal variation graphs giving estimated mean values
of metals in the tissues and standard errors. In the case of model 3, mean metal
concentrations and standard error are shown in graphs since carapace length is not a
significant factor to take into account. But in case of model 4, concentrations of
metals were adjusted for carapace length (I chose the mean carapace length of the
whole sample 4.2 cm as a standard) and associated standard errors. In this way,
expected concentrations of the metals were calculated. Metal concentrations (on a dry
weight basis) of male and female animals were reported as mean levels and standard
deviations of the whole sample throughout the sampling period (Table 2.3).

However, they could not be compared statistically due to effects of size and season.
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Where required for comparisons with other published studies, wet mass equivalent
concentrations can be estimated by using the wet to dry mass conversion ratios
determined for each tissue (Table 2.4). The relationships between size and metal
concentrations of tissues could not be shown on graphs using all samples because
carapace length of samples differed significantly among months and also metal

concentrations in most tissues varied among months.

2.6 RESULTS

Carapace length and number of male and female Nephrops norvegicus caught in
different months of the year are given in Table 2.2. Mean concentrations of the
metals in the tissues of male and female Nephrops are also given with associated
standard deviations (Table 2.3).

Table 2.2. Following table shows numbers of male and female animals captured in different
months of a year. Mean carapace length (cl) of samples are also given in this table.

Date Male Female
No mean cl No mean cl

December 1989 24 4.8 6 5.0
January 1990 7 5.4 9 4.1
February 1990 6 4.4 2 5.3
March 1990 120 3.8 12 3.5
May 1990 20 3.7 18 3.6
July 1990 2 4.5 5 5.5
August 1990 6 4.5 26 5.6
October 1990 13 4.0 15 5.3
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Table 2.5. The following table shows the results of linear regression analyses. The most
suitable models for the tissues of each sex are described in this table with assosiated P
values. CL=Carapace length, C&CL = Relationship (+ or -) between carapace length and
metal concentration in a tissue. int = Interaction between carapace length and month.

* =P<0.05* =P<0.01, " =P < 0.001.

TISSUES METAL SEX C&CL CL P MONTH P MODEL
Carapace Hg Male ns * %k 3
Hepatopancreas ns * k% 3
Gill int int 5
Tail muscle + * % % * % % 4
Carapace Hg Female int int 5
Hepatopancreas ns *xx 3
Gill + * *kx 4
Tail muscle + * k& * %k 4
Carapace cd Male int int 5
Hepatopancreas + kK * kK 4
Gill ns * % 3
Tail muscle int int 5
Carapace Cd Female int int 5
Hepatopancreas + *k ok ns 2
Gill ns * % 3
Tail muscle int int 5
Carapace Cu Male ns *x 3
Hepatopancreas + * *kk 4
Gill - * ns 2
Tail muscle - *x K * kK 4
Carapace Cu Female ns *x 3
Hepatopancreas + * * 4
Gill - *x ns 2
Tail muscle - * * % 4
Carapace Zn Male - * * 4
Hepatopancreas ] ns * kK 3
Gill ns ns i
Tail muscle ns * k * 3
Carapace Zn Female ns * 3
Hepatopancreas ns * 3
Gill - ns ns 1
Tail muscle int int 5
Carapace Fe Male ns okl 3
Hepatopancreas ns *x 3
Gill ns * kK 3
Tail muscle - * ns 2
Carapace Fe Female ns * k% 3
Hepatopancreas ns ns 1
Gill ns ns 1
Tail muscle ns ns 1




2.6.1 Mercury

Table 2.3 shows that female animals had higher mean concentrations of mercury in
their gill and tail muscle than male animals, while males showed higher mean
concentrations of mercury in their hepatopancreas. Mercury concentrations of
carapace were similar between sexes. For males the order of tissue concentration was
gill > tail muscle > hepatopancreas > carapace. For females this order was gill >
tail muscle > hepatopancreas > ext. eggs > carapace > ovary. Regression analysis
showed all the tissues which statistically analysed showed seasonal variations of
mercury concentrations, except for the gill of male animals and carapace of female
animals whose interactions were found between size and month (Table 2.4).
Significant seasonal variations are shown in Figures of 2.1 and 2.2. Positive
relationships were found between carapace lengths and mercury concentrations of tail
muscle for male and female animals (P<0.001) (Table 2.5). The mercury
concentrations in gills of female animals also showed a positive relationship with

carapace length (P <0.05).

2.6.2 Cadmium

Cadmium concentrations in female animals were also higher than in male animals in
all tissues. Tissue concentration order for males was hepatopancreas > gill >
carapace > tail muscle, whereas this order for females was hepatopancreas > gill
> ex. egg > ovary > carapace > tail muscle (Table 2.3). Regression analyses
revealed that male and female animals showed positive relationships between
carapace length and cadmium in their hepatopancreas (P <0.001) while gills of the
both sexes did not show any size dependent variations in cadmium concentrations.

Cadmium concentrations in the carapace of both male and female animals, however,
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showed interaction between size and month (Table 2.5). Male animals had seasonal
variations of cadmium in their gill and hepatopancreas (P<0.01 and P<0.001,
respectively) while female animals had only variation of cadmium concentration in

their gill (P <0.01). These seasonal variations are shown in Figures 2.3 to 2.4.
2.6.3 Copper

Copper concentrations in the hepatopancreas were higher in females than in males,
but in the gill tissue of males showed higher concentrations than females, while in
the carapace and tail muscle levels were similar (Table 2.3). Tissue concentration
order for males was hepatopancreas > gill > carapace > tail muscle, whereas this
order for females was hepatopancreas > gill > ovary > ex. egg > carapace > tail
muscle. Regression analysis showed that except for carapace, copper concentrations
in all tissues had significant relétionships with carapace length. These relationships
were positive in the hepatopancreas while they were negative in the gill and tail
muscle of both male and female animals (Table 2.5). Seasonal patterns of the tissues
from male and female animals also showed similarity between male and female
animals. All the tissues except the gill showed significant variations between months

(Table 2.5). These variations are shown in Figures 2.5 to 2.8.
2.6.4 Zinc

Concentrations of zinc in the tissues of males and females were very similar (Table
2.3). Tissue concentration order in males was hepatopancreas > gill > tail muscle
> carapace, while the order for females was hepatopancreas > gill > ex. egg >
ovary > tail muscle > carapace. Regression analysis revealed that zinc

concentration in the carapace of male animals showed a significant relationship with
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size (P <0.05) whereas the other tissues did not show any size related differences in
zinc concentrations (Table 2.5). The carapace and hepatopancreas showed seasonal
variations in zinc concentration in male and female animals. Male tail muscle also
showed significant seasonal variations in zinc concentration (P <0.001) while levels
in female tail muscle showed an interaction between size and season (Table 2.5). The
gill of both sexes did not show seasonal variation in zinc concentration. Significant

seasonal variations are shown in Figures 2.9 t0 2.12 .

2.6.5 Iron

Table 2.3 shows that iron concentrations in the carapace, hepatopancreas and tail
muscle of males were higher than in females. Tissue concentration order for males
was gill > carapace > hepatopancreas > tail muscle, whereas the order for females
was gill > ex. egg > carapace > hepatopancreas > ovary > tail muscle. The
carapace, hepatopancreas and gill tissues of males showed seasonal variation in iron
levels, while females showed seasonal variation in iron levels only in the carapace
(Table 2.5). A negative relationship between carapace length and iron concentration
was found (p<0.05) in the tail muscle of males but not in females, while the other
tissues did not show any size related relationship (Table 2.5). Significant seasonal

variations in iron concentrations are given in Figures 2.13 to 2.15.
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2.7 DISCUSSION

Mean mercury concentrations in the tail muscle of Nephrops norvegicus in this study
were similar to levels presented by Davies and McKie (1983) from the Clyde sea
area and Lima (1984) from Portuguese waters. Studies in Italian waters found higher
levels of mercury in the tail muscle of the animals (Renzoni, 1980 ; Viviani, 1983 ;
Capelli et al., 1983). Santoro and Koepp (1986) found higher concentrations of
mercury in muscle and hepatopancreas of the blue-claw crab, Callinectes sapidus
from New Jersey, USA. A positive relationship between body size and mercury
concentration in the tail muscle of Nephrops norvegicus is an agreement with results
of Davies and McKie (1983) ; Lima (1984) ; Renzoni (1980) ; Capelli et al. (1983).
Davies and McKie (1983) and Lima (1984) found differences in mercury
concentrations of tail muscle in the same size of female and male Nephrops. In this
study differences between sexes were not statistically compared due to seasonal and
size dependent variations. Mean values of tissue metal concentrations were given in
Table 2.3. This table clearly shows the difference in tail muscle mercury
concentrations between the sexes. This difference can be related to growth rate
differences between male and female Nephrops. Male Nephrops norvegicus grow
much faster than females (Davies & McKie, 1983 ; Howard, 1989). Therefore, the
same ages of animals would have different sizes; males being larger than females of
the same age. This means that females of the same size as males have lived in
ambient mercury concentrations for a longer time. However, higher levels of
mercury were found in the hepatopancreas of male Nephrops than were found in
females. Data in Chapter 4 show that males have higher feeding rates than females
and distribution of mercury to the hepatopancreas is more by the food route than by
direct uptake from water, so higher concentrations of mercury in the hepatopancreas

of males might come from greater food intake. Although Nephrops norvegicus
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moults at any time of the year, peak periods occur in March and April, and from
July to November. Peak periods of moulting activity are generally more pronounced
in females, which must moult before mating takes place (Howard, 1989). Results
showed that mercury levels in all tissues varied seasonally. Female carapace and
male gills showed interactions between size and season which did not allow analysis
of seasonal and size dependent variations individually. Moulting might cause the
biggest variation in mercury levels in tissues, but this may also be influenced by
varying conditions of ambient sea water and diet. Tugrul et al (1980) indicated that
mercury levels can vary in marine organisms with season. Sivadasan and Nambisan
(1988) also showed that mercury levels varied with season in the prawn,

Metapenaeus dobsoni.

Cadmium distribution among the tissues of Nephrops norvegicus was similar to that
reported in some other studies. Ray et al. (1981) found that in the lobster, Homarus
americanus from contaminated and uncontaminated areas of Canada and USA the
hepatopancreas contained more than 90 % of the body burden of cadmium. High
concentrations of cadmium were also present in the green gland and gills. Davies et
al. (1981) also found highest concentrations of cadmium in the hepatopancreas of the
crab, Cancer pagurus. They also indicated that tissue cadmium levels showed great
variations in the same tissue of different animals. Overnell and Trewhella (1979)
found high levels of cadmium in the hepatopancreas of Cancer pagurus, as found in
this study for Nephrops norvegicus. Ray et al. (1981) indicated that there can be
wide variations in cadmium concentrations in the same tissues of different animals,
even within the same size class. They also indicated that individuals with high
cadmium levels in one tissue generally tend to have high levels in other tissues.
Positive correlation between size and hepatopancreas cadmium in this study also

agrees with the results of their study. Uthe et al. (1982) found great variations and
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very high concentrations of cadmium in American lobster, Homarus americanus.
They indicated that two different sites of Belleduna Harbour, New Brunswick,
Canada showed different cadmium concentrations in tissues from the lobsters. Data
from both areas are quite high when compared to the present data for the
hepatopancreas, though tail muscle levels of cadmium from both sites were low, as
for tail muscle of Nephrops. White and Rainbow (1989) indicated that the variations
in cadmium concentrations of Systellaspis debilis could be related to dietary
enrichments of cadmium from different areas. Cadmium concentrations in the tail
muscle of Nephrops were also different in studies from different areas. For example,
Murray (1981) could not detect (<0.2 pug g-1) cadmium in the tail muscle of
Nephrops norvegicus, and Capelli et al. (1983) found mean concentrations of 0.14 ug
g‘1 in the tail muscle, whereas Viviani (1983) found concentrations of only 0.053-
0.087 pg g-1. But Schuhmacher et al. (1990) found Cd concentrations in Nephrops
to be between 0.161-0.547 ug g-l w.w. from coastal waters of Spain. Differences
among the other studies and the present study or any other crustacean in cadmium
concentrations could be due to different concentrations of cadmium in sea water or
food. Size and sex of samples or season which the animals were caught could be
important to record since true comparisons can not be done otherwise. In the present
study, hepatopancreas cadmium showed size and season effects in males, while it
showed only a size effect in females. Higher concentrations of cadmium in the
hepatopancreas of female animals could be due to higher carapace length of the
animals. It has been shown that food can be a dominant uptake route for cadmium,
especially for the hepatopancreas (Jennings and Rainbow, 1979 ; Davies et al.,
1981). As indicated earlier, male Nephrops have higher feeding rates than females.
So, seasonal changes in diet conditions would affect cadmium concentrations of
males’ hepatopancreas more than that of females' hepatopancreas. Seasonal

variations in cadmium concentrations of the gill should come from seasonal variation



of ambient water condition, because food does not affect cadmium concentrations of

the gill (Davies et al., 1981 and Chapter 4).

Copper concentrations in the tail muscle of Nephrops norvegicus have previously
been found to be similar to the present results (Murray, 1981 ; Capelli et al., 1983).
Copper concentrations vary greatly between tissues of decapod crustaceans, even in
the same species (Bryan, 1964 ; 1967 ; 1968 ; Murray and portman, 1984).
Nugegoda and Rainbow (1988) indicated that decapod crustaceans from different
locations can show big differences. Two prawn species Pandalus montagui and
Palaemonetes varians showed enormous variations between the species from
different habitats. Copper concentrations in the tissues of Nephrops vary far more
than those for zinc, as Bryan (1964) found for Homarus vulgaris though the
distribution of copper among the tissues of Nephrops was similar to those for other
decapod crustaceans which have been summarised by Bryan (1968). Mean copper
concentrations in the hepatopancreas of Homarus americanus were higher than found
in the hepatopancreas of Nephrops, whereas ovary and shell copper concentrations
were lower than found in this study for ovary and carapace. Cuadras et al. (1981)
found higher levels of copper in the tissues of the hermit crab, Dardanus arrosor
than found in Nephrops, whereas Arumugam and Ravindranath (1983) found lower
concentrations of copper in the hepatopancreas of Scylla serrata than found in this
study. They also indicated that there was not any significant difference between male
and female animals in the concentrations of copper. Darmono and Denton (1990)
found a positive relationship between size and copper concentrations in decapod
crustaceans, whereas White and Rainbow (1987) and Rainbow and Abdennour
(1989) found positive relationships between copper concentrations and dry weights in
crustacean species. In the present study, size negatively affected concentrations of

copper in the gill and tail muscle in male and female animals, while the
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hepatopancreas showed a positive size effect in both sexes. The gill tissue did not
show any seasonal effects in either sex, while the carapace and tail muscle showed
seasonal variations in both sex. Bryan (1967) indicated that most of the copper in
muscle tissues in Crustacea is the result of contamination of cellular spaces by the
blood. Seasonal changes in the blood concentrations of copper could affect copper
concentrations of the tail muscle. Moulting also affects copper concentrations of the
tissues, especially the carapace and hepatopancreas. Belleli et al. (1988) indicated
that haemocyanin concentrations from the Mediterranean lobster, Palinurus elephas
differ between the sexes and change in relation to the period of the year.
Haemocyanin is a protein which contains copper. Changes of haemocyanin
concentrations may indicate changes in copper concentrations of the tissues from the
lobster as well. Engel (1987). also found significant variations in copper
concentrations of the haemolymph and digestive gland of the crab, Callinectes
sapidus among moult, premoult and intermoult stages, having hihgest levels in

premoult stage and lowest in soft crab stage.

Zinc concentration is relatively less variable in the same tissues of Nephrops
norvegicus when it is compared to the other essential metals studied. But variations
among the different species of decapod crustaceans can be enormous. Ober et al.
(1987) found zinc concentrations in decapod crustaceans to be between 36-464 ug g-
1 4.w., and Bryan (1968) found variations to be between 18-49 ug g'1 W.w. among
a large variety of species. Zinc concentrations in the tissues of Nephrops norvegicus
were found to be within this range. The concentrations of zinc in Nephrops seem to
be higher than at least in some tissues of Homarus vulgaris, such as hepatopancreas,
gill and carapace, while the others are more or less similar (Bryan, 1964). Murray
(1979) and Capelli et al. (1983) showed similar zinc concentrations in the tail

muscle of Nephrops norvegicus to the present results. Darmono and Denton (1990)
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found the lowest concentrations of zinc to be in the muscle tissues of juvenile banana
prawn Penaeus merguinsis and juvenile leader prawn Penaeus monodon, whereas the
highest levels of zinc were found in the hepatopancreas of the animals. Zinc
concentrations of the tissues from Nephrops were very similar between male and
female animals. Cuadras et al. (1981) indicated that there were no differences in
concentrations of zinc in the organs studied between male and female hermit crab,
Dardanus arrisor. White and Rainbow (1987) indicated that zinc concentrations
decrease slightly with increasing dry weight of Sysrellaspis debilis. Rainbow and
Abdennour (1989) found that total body zinc concentrations did not change
significantly in the same species. In this study, except in the case of carapace of male
animals, size did not affect zinc concentrations. Seasonal variations were found to be
significant for the all tissues except the gill of the either sex and tail muscle of female
animals. Seasonal variations of zinc could be due to moulting at different times of the
year. Engel (1987) found significant variations in zinc concentrations of the
haemolymph and digestive gland of the crab, Callinectes sapidus among moult,
premoult and intermoult stages, with highest levels in premoult stage and lowest in
soft crabs, and Engel and Brouwer (1987) found that zinc levels varied seasonally in
relation to both moult and ambient temperature. However, Sivadasan and Nambisan
(1988) could not find seasonal variations in zinc levels in the edible part of the prawn

Metapenaeus dobsoni.

Iron concentrations in the tissues of male and female Nephrops were very different
and enormous variations were found in the same sex. Males showed higher mean
concentrations of iron in their carapace, hepatopancreas and tail muscle, while
female animals showed higher mean concentrations of iron in their gill tissue.
Ridout et al. (1989) found Fe concentrations to be between 13.7-80.9 ug g1 d.w. in

a large variety of crustacean species from the North East Atlantic Ocean. Ober et al.
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(1987) found Fe concentrations to be between 86-374 pug g'l d.w. in commercial
decapod crustaceans from Chilean waters. Depledge (1989) found highest
concentrations of iron in the gill tissue of Carcinus maenas. Present results showed
that the highest iron levels were present in the gill tissue of Nephrops followed by
carapace. Iron concentrations in the tissues of Nephrops showed great variation in
male and female animals. White and Rainbow (1987) found Fe concentrations to be
38.1 ug gl d.w. in Systellaspis debilis, indicating that iron concentrations decreased
with increasing dry weights of the animals. The present study showed that size did
not affect iron concentrations of the tissues, except for a negative relationship

between iron levels in the tail muscle and carapace length of male animals.

This study showed that heavy metal concentrations in the tissues of Nephrops
norvegicus in the Clyde Sea varied with season and size of male and female animals.
Seasonal variations were a very important factor for all metals. This could be related
mainly to the timing of moult, though variations in metal concentrations of sea water
and diet may explain some of the variation. Although size was a significant factor
affecting levels of most metals, it was a much more important factor for
non-essential metals mercury and cadmium. Positive relationships between size and
concentrations of mercury and cadmium could be interpreted as the result of
continuous accumulation of these metals with no regulation. Differences in metal
levels between the sexes might be related to differences in the metabolic activity,
feeding and growth rates of the sexes. There was no evidence from this study that
ambient levels of essential metals in the Clyde Sea area exceeded levels that can be
regulated by Nephrops and thus essential metals are unlikely to present a toxic hazard
to this population. Levels of non-essential metals were similar to those reported in
several other studies of Nephrops norvegicus and other Crustacea and appear also to

be unlikely to present a toxic hazard. However, it should be noted that there are
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substantial variations in the metal levels in tissues due to season, size or sex, and this
might have important implications for regulatory practice. These differences between
seasons and sizes of animals also make comparisons between studies more difficult
since data are often presented without reference to the size, sex and moult stage of

animals sampled.
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CHAPTER 3

EFFECTS OF SEX AND SIZE ON THE ACCUMULATION AND TISSUE
DISTRIBUTION OF HEAVY METALS FROM SEA WATER BY THE
NORWAY LOBSTER NEPHROPS NORVEGICUS; TOXICITIES OF HEAVY
METALS



3.1 INTRODUCTION

Marine animals naturally contain some heavy metals such as copper, zinc, iron and
cobalt and accumulate them from sea water and food for normal functions of
metabolism. Others, such as mercury, cadmium and lead have no biological function
but also accumulate in marine animals. All heavy metals can be toxic in high
environmental concentrations. Many areas of developed coastlines and estuaries are
subject to anthropogenic inputs of heavy metals (Langston, 1990). Marine animals
may accumulate heavy metals continuously from surrounded sea water, and tissue
levels may rise to toxic levels for animals themselves or for humans who eat them .
One of the best known heavy metal pollution incidents in the marine environment is
the Minamata disaster, which caused many human deaths, impaired vision, loss of
motor co-ordination, néurological abnormalities, hormonal and enzymatic
disturbances (Salvatore et al. 1977). After the Minamata disaster, much attention has
been focused on heavy metal pollution and many experiments have been carried out

to examine the uptake and toxic effects of non-essential and essential metals.

The concentration of a metal which kills an aquatic organism depends both on the
metal and on the organism. Generally speaking, mercury, silver and copper are the
most toxic metals, followed by cadmium, zinc and lead. This order of toxicity is not
rigid and varies among species (Bryan, 1971). There are also differences between
different forms of the same metal in the effects on marine animals. For example,
organic mercury has a greater accumulation rate, lower lethal concentrations and
slower elimination than inorganic mercury (Ray and Tripp, 1976 ; Fowler et al.,
1978 ; Riisgard and Famme, 1986). There are also different effects on metabolic

processes in Crustacea (Kraus and Kraus, 1986; Kraus and Weis, 1988).
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Accumulation of heavy metals, especially non-essential ones, is greatly dependent on
concentration in the ambient water and the period that animals are exposed to that
concentration, though there are other factors which affect accumulation such as
temperature and salinity (Philips, 1980; Mance, 1987). Levels of essential metals
such as copper and zinc can be regulated by decapod crustaceans at concentrations
of dissolved copper and zinc below a threshold level. Accumulation of these metals
only begins after the regulation mechanisms break down at metal concentrations
above the threshold (Bryan, 1964 ; White and Rainbow, 1982 ; Rainbow, 1985 ;
Bryan, 1986). By contrast, body levels of non-essential metals such as mercury,
cadmium and lead cannot be regulated by Crustacea. They are accumulated by
crustacea in proportion to the concentrations of these metals in water (Nimmo et al.,
1977 ; Meadows and Erdem, 1982 ; Devineau and Amiard-Triquet, 1985 ; Riisgard
and Famme, 1986 ; Krishnaja et al., 1987; Pastor et al., 1988). Crustaceans can
develop enhanced tolerance to heavy metals by living in contaminated waters. They
can survive in concentrations that animals from relatively clean environments cannot
tolerate and may contain higher levels of metals in their tissues (Uma Devi, 1987 ;

Uma Devi and Prabhakara Rao, 1989 ; Kraus et al., 1988).

Although there have been many studies on accumulation of heavy metals from sea
water in crustacean species, no previous study has examined accumulation of metals
from sea water by the Norway lobster, Nephrops norvegicus. Few studies have
taken sex and size of animals into account in relation to metal accumulation and
distribution among tissues. Fisheries for the Norway lobster, Nephrops norvegicus
have increased over the last ten years and in economic terms Nephrops has now
become the most important shellfish species in the U.K. as well as an important
commercial species in many other countries (Howard, 1989), and so a better

understanding of its sensitivity to heavy metal pollution is desirable. This study
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reports on accumulation and tissue distributions of metals in animals exposed to
sublethal concentrations of metals in sea water over a 30-day period. Studies were
conducted in tissues such as carapace, hepatopancreas, gill, tail muscle, ovary and
external eggs using metals such as organic mercury, inorganic mercury, cadmium,
copper, lead and zinc. Size and sex of the animals were taken into account in
expressing the tissue concentrations since metal concentrations may vary between
sexes and with size (e.g. mercury) (Davies and McKie, 1983 ; Lima, 1984).
Mortality studies were also carried out to determine toxicities of the metals to the

animals.

3.2 MATERIALS AND METHODS

Nephrops norvegicus were caught on various dates from September 1990 to
September 1991, from south of the Isle of Cumbrae in the Clyde Sea by trapping in
creels. Sea surface temperatures at the times of collection were around 8-15 ©C. The
animals were transferred to a fibreglass holding tank which contained 10,000 litres of
circulating sea water. The sea water which was used in all experiments was
continuously circulated, oxygenated, passed through a biological filter to maintain
levels of ammonia and nitrate within satisfactory limits, and cooled to approximately
10-12 ©C. Chemical parameters of the seawater were routinely monitored each week
by the aquarium technician. Nephrops to be used to measure control concentrations
of the metals were caught by trawl or creel and frozen at -20 OC for later analyses

alongside the experimental animals.

All experiments were conducted in 50 litre fibreglass tanks in a room at 17.5+1.5
OC and illuminated for 12 hours a day. Nephrops were kept in holding tanks for

several days to ensure that any injured animals would not be used in experiments.
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Each experimental tank was filled with 40 litres of filtered seawater with added
metals. During the experimental treatments, the tanks were aerated using airstones
attached to a compressed air supply. After all the conditions were set up, two
healthy intermoult Nephrops were put into each tank. During the experiments, the
water was changed completely every three days to maintain metal levels and to
ensure that no changes in water quality occurred that might otherwise affect metal
uptake. The animals were fed with fish (mackerel, Scomber scombrus) muscle once
a week. Food was given on days that the water was due to be changed, and water
was changed about three hours after feeding, so that any remaining food was cleared
to avoid contaminating the water. The following analytical grade compounds of the
metals were used to contaminate sea water; methylmercury (MeHg) CH3HgCl,
inorganic mercury (Hg) HgClp, cadmium (Cd) CdCly 2 1/2 HpO, copper (Cu)
Cu(NO3)7 3H70O, lead (Pb) Pb(NO3)y and zinc (Zn) ZnSO4 7HO. Fifteen
replicate experimental tanks were used with two animals in each tank for MeHg
uptake, 14 for Hg, 14 for Cd, 11 for Cu, 11 for Pb and 13 for Zn. Thus animals

were exposed to only one of the study metals and not to interactions between metals.

Two Nephrops were also put in each of two tanks to use as control animals, while
experiments were running. Their tanks were filled up to the same level with sea
water. At the end of 30 days exposure, experimental and control animals were taken
out, measured, killed, dissected and metal concentrations in their tissues were

determined.
Dissection, digestion and metal determination of the tissues (carapace,

hepatopancreas, gill, tail muscle, ovarium and external eggs) of male and female

animals were carried out as explained in Chapter 2.
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3.2.1 Experimental Details

Early during the 30-day experimental period, sea water solutions of the metals were
sampled from the experimental tanks for analyses to establish whether there were
any changes in dissolved metal levels between the day solutions were made and the
third day in the tank. Since metal adsorption was expected to be most rapid at the
start of the experiment it is likely that the reductions in metal concentrations in the
seawater later during the experimental period will have been less than the reductions
measured. Tanks were also set up with the experimental solution in for the same
period and the same conditions but without animals present, and metal levels were
also measured in these tanks, in order to assess the amount of metal loss by exchange
with the atmosphere rather than as a result of uptake by the animals. Measurements
of the metals were carried out directly for 100 ug Cd 1-1, 100 pg Zn 1-1 and 100 114
Pb 1-1, but 10 ug Cu I-! solutions were boiled to reduce volume. Both 10 pug
mercury 1-1 solutions were acidified with nitric acid and heated to 58 ©C then 20 ml

of solution was used to give a satisfactory reading (Table 3.1).

Metal concentrations in the carapace of experimental animals were determined to see
if there was adsorption onto the carapace surface. Carapaces of control animals were
removed and put into the same conditions as experimental animals. On the 3rd, 6th
and 9th days two carapaces were taken and metal concentrations were measured.

These values are given in Table 3.2.
3.2.2 STATISTICAL ANALYSIS OF DATA

Metal concentrations in the tissues of exposed animals were statistically analysed to

investigate if there were differences between sexes and different sizes. Linear
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regression analyses (e.g. Draper and Smith, 1981) were used to investigate the
relationship between metal concentration (c) and sex (s) or carapace length (1). For

each metal exposure, a 5-stage model was considered.

Model 1; ¢ = a + error.

Concentration does not depend on sex or size (carapace length).

Model 2; ¢ = a + bg + error.

Concentration differs between sexes but not with size.

Model 3; ¢ = a] + b + error.

Concentration varies linearly with carapace length but not with sex.

Model 4; ¢ = aj + bg + error.

Concentration varies linearly with size and differs between sexes.

Model 5; ¢ = aj * bg + error.
Concentration differs between sexes and varies with size but this is not a linear

relationship. There is an interaction in concentration between size and sex.

In models above, aj describes size dependent variations while bg describes sex
dependent variations in metal concentration of a tissue. The best description of
models in tissue metal concentrations from the experiments was found in the similar

way that was explained in Chapter 2.

Mean metal concentration of the tissues from the experiments and controls are

shown in Table 3.3. If a metal concentration from the experiments shows significant
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differences between the sexes, then they were shown in histograms giving the mean
concentrations of metals and associated standard errors in the tissues of both males
and females. In the case of size differences in metal accumulation, scatter graphs
were drawn to show the relationship between size (carapace length) and metal
concentrations in tissues. The results of the sublethal concentration of! the bot@
mercury experiments were compared with one way Anova. Copper and zinc
concentrations of control animals were also compared with results from experimental

animals using one way Anova.
3.3 RESULTS

Loss of the metals over three days in sublethal concentrations were not considerable,
except for organic and inorganic mercury (Table 3.1). Adsorption of the metals onto
the surface of the carapace occurred in sublethal concentrations, except for copper
(Table 3.2). Concentrations of cadmium, zinc and lead in the dissected carapace at
the end of nine days adsorption period were higher than carapace concentrations in

30 day-exposed live animals.

Table 3.1. Changes in dissolved metal concentrations of sea water during experiments
betwe1en days when solutions were made and after 3 days. Concentrations are given as ppb
(Hg I'").

Metal meHg Hg Cu cd Zn Pb
Addition 10 10 10 100 100 100
Days 0 3 0 3 0 3 0 3 0 3 0 3

With animals 16 5 18 10 11 12 119 123 157 150 106 90
No animal 23 14 20 12 16 16 106 105 150 152 108 101
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Table 3.2. Adsorption of the metals onto the surface of the carapace of Nephrops norvegicus
in the sublethal concentrations of the metals. All data are given as pg g'1 dry weight.

Days meHg Hg Cu cd Zn Pb
3 1.53 1.01 20.8 35.5 89.4 100.9
6 2.12 2.73 13.2 65.5 118.3 126.8
9 2.89 3.75 27.3 71.5 348.1 112.6

3.3.1 Uptake of Organic Mercury From Sea Water

A total of 30 Nephrops ( 13 males and 17 females ) was used in an experiment in
which they were exposed to 10 ug Il of methyl mercury chloride in sea water for a
30-day period. This concentration was found to be sublethal in the experimental
conditions, though 100 pg 1-1 methyl mercury killed 100 % of the lobsters in three
days (Figure 3.1). Organic mercury was accumulated by the tissues of Nephrops in
the sublethal concentration and increased the amount of total mercury in the tissues.
The gill tissue accumulated the highest level of mercury (181 ug g'l) (Table 3.3).
Control animals had the highest concentrations of mercury in the gill and tail muscle
(0.77 and 0.62 pug g'l, respectively) (Table 3.4). Mean mercury concentrations in
the gill, external eggs, ovary, carapace, hepatopancreas and tail muscle of treated
animals increased 235, 160, 118, 62, 39 and 15 times over controls, respectively.
Total tissue burdens of mercury in experimental animals were found to be
predominantly in the tail muscle (38.9 ug Hg, 41 %) and gill (30.8 ug Hg, 32 %)
(Tables 3.5 and 3.7), whereas the tail muscle had 80 % (20.4 ug Hg) of mercury in
the control animals (Tables 3.6 and 3.7). There was a significant difference in
mercury concentration of the hepatopancreas between male and female animals. Male
animals (14.98 pg g-1) had higher concentrations of mercury than female animals
(9.40 pg g‘l) (Figure 3.4). A positive correlation was found between mercury levels

in the hepatopancreas and tail muscle (Table 3.8).
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